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ArcSPAT: A BIM-GIS model for site layout planning 

 

ABSTRACT 

 

Site layout planning (SLP) is an essential step for having a productive, efficient and safe 

construction environment. A well-planned construction site helps in increasing the productivity 

and safety of the construction operations and in reducing the overall cost and duration of the 

project. The main purpose of SLP is to manage the available spaces on the construction site and to 

select the most appropriate location for the temporary facilities (TF) needed to complete the project 

by taking into consideration all the existing constraints between the different TFs and their 

relationships to the permanent facilities (PFs). Due to its complexity and the wide range of factors 

and variables included in the site layout planning process, the models discussed in the literature 

vary in their scope, objectives, and approaches to providing a solution for site layout planning,  

which decreases the opportunities for studies to build upon each other towards achieving a versatile 

model to tackle a variety of issues associated with SLP. In general, despite the vast contributions 

to the site layout planning field of the models found in the literature, there is still room for 

improvement by fulfilling some neglected requirements and including some functions that are 

useful in any site layout planning model, which the integration of Building Information Modeling 

(BIM) with Geographic Information System (GIS) can provide. 

This thesis presents a methodology for developing a model for site layout planning based on the 

integration of BIM with GIS in an attempt to develop a versatile and flexible solution (model) to 

help professionals during the SLP process. This model will support the decisions of planners 
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during the SLP process and allow them to apply their knowledge in planning and designing, in an 

efficient and timely manner, a construction site that is safer, more efficient and keeps potential 

conflicts to a minimum. The research methodology includes a comprehensive literature review, 

collecting all the necessary data related to SLP, PF and TF, model development and 

implementation. The presented model is designed in a modular format and consists of six modules, 

1) a 3D modeling module; 2) a route planning and hauling (RPH) module; 3) an execution schedule 

time entry (ESTE) module that facilitates the daunting and time-consuming process of creating a 

4D model; 4) a 4D modeling module that simulates the progress of construction and helps in 

placing TFs on the right locations on site; 5) a temporary facilities library (TFL) module, which is 

developed to facilitate selecting TFs, modeling and placing TFs onsite, and planning the 

construction site; and 6) a rule-based dynamic conflict detection (DCD) module that detects 

conflicts and clashes in 2D and 3D and then notifies users about the detected conflicts through 

various feedback including visual, textual, and tabular, all in one data-rich environment. Also, the 

presented model will provide users with spatio-temporal analysis and data management 

capabilities. 

The successful implementation of this methodology contributes in developing a versatile and 

flexible SLP model that will provide users with the essential requirements and functions they need 

for SLP, which can be enhanced and extended to include more modules and functions through 

further research in this area. 
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CHAPTER 1 

 INTRODUCTION 

 

1.1 General overview 

Studies emphasize the importance of the site layout planning (SLP) process as a mean of achieving 

a productive, efficient, and safe construction site environment (e.g., Hegazy and Elbeltagi, 1999; 

Kumar and Bansal, 2015; Ning et al., 2018b; Xu et al., 2016). The Occupational Safety and Health 

Administration (OSHA), mentioned that, in 2014 alone, almost 5,000 individuals died on the job 

site due to safety-related issues. More than 20% of that number were workers in the construction 

industry, that is, 2 to 3 workers every day (OSHA, 2016). This is still a concerning issue especially 

that those incidents occurred in the United States alone and after that the average number of worker 

deaths decreased by more than 65% between 1970 and 2014 (OSHA, 2016). Moreover, site layout 

planning has a direct influence on the duration, cost, safety, and efficiency of the construction 

project  and the workers’ morale (Ning et al., 2018b). Practitioners have relied mainly on 

experience in planning the site layout for construction projects (Kumar and Bansal, 2015; El-Rayes 

and Said, 2009). Traditionally, practitioners tend to plan the site layout via conventional methods 

that range from sketching manually on paper to simple 2D drafting using Computer Aided Drafting 

(CAD) software (Kumar and Bansal, 2019). 

 

In the past three decades, this has encouraged researchers to try solving site layout planning issues 

using computerized programs and Artificial Intelligence (AI) tools to yield optimized solutions to 

site layout (Andayesh and Sadeghpour, 2013b). In addition, due to the complexity of the site layout 
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planning process and the wide range of factors and variables included in site layout planning, the 

models discussed in the literature vary in scope, objectives, and descriptions of site layout 

problems and in approaches to represent and provide solutions for the problems that faces the site 

layout planning (Alsaggaf and Jrade, 2017). Most research efforts towards solving site layout 

planning issues could be categorized under two main groups; namely, mathematical models and 

metaheuristic models (Sanad et al, 2008). Meta heuristic models (such as evolutionary algorithms 

and swarm intelligence) have been increasingly implemented in the last two decades (Farmakis 

and Chassiakos, 2018). This is mainly because mathematical models yield optimum results 

(Kumar and Bansal, 2015); however, they are suitable for small projects with a more limited 

number of variables and factors than heuristic models that are easier to be implemented and can 

include more variables and factors than with mathematical models, which makes them suitable to 

tackle larger projects; however, heuristic models seek semi-optimal results (Farmakis and 

Chassiakos, 2018). Furthermore, studies mainly classify the site layout problem in two ways; either 

as a static site layout, meaning that the site objects will remain onsite for the complete duration of 

the project; or as a dynamic site layout, which considers the actual durations for which the site 

objects will remain onsite (Kumar and Cheng, 2015). 

 

Efficiently planned access roads can decrease the time and cost of handling resources and can 

improve the safety on construction sites (Mawdesley et al., 2002; El-Rayes and Khalafallah, 2005; 

Sanad et al. 2008; Karan and Ardeshir, 2008; Andayesh and Sadeghpour, 2014a). Furthermore, 

limited accessibility could decrease efficiency by 58% and the congested work space could lead 

to reduction in the efficiency up to 65% (Su et al., 2012). Site layout planning can influence the 

cost associated with travel distance of construction operations (Hammad et al., 2017). Therefore, 
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most of the studies conducted on site layout planning have focused on solving site layout planning 

problems by minimizing the travel distance between the temporary facilities and the relocation 

cost (El-din et al., 2015). Mainly, Euclidean distance and Rectilinear distance were used to measure 

the distance between site objects in the models represented in the literature (Andayesh and 

Sadeghpour, 2014a). Also, most studies consider the construction site’s surface as plane, which is 

not practical or realistic as, in reality, terrain and topography influence the distance and path onsite, 

and thus, ought to be addressed in an SLP model. 

 

Furthermore, accounting for the environment surrounding the building under construction and 

being able to visualize it in 4D can assist practitioners, during the preconstruction phase, to revise 

their execution strategy and to foresee any potential errors in the schedule, overlooked tasks, 

spatial feasibility, and spatial-temporal clashes; and will give users a broader view of the 

construction process (Bansal, 2015). In addition, traditional planning and scheduling tools (e.g., 

bar charts or network analyses) have proven to be less helpful when compared to the method of 

4D planning and scheduling (Ma et al., 2005). Sugimoto, (2016) praised the role of 4D 

visualization of the construction schedule as a means to verify the construction plan. Thus, it is 

important to have 4D visualization capabilities in an SLP model as the nature of the site layout 

planning process is graphical (El-din et al., 2015). 

 

Temporary facilities should be placed carefully within the construction site with the aim to avoid 

any hazards, on-ground and underground, that may affect its stability, operation, or functions 

(Marzouk and Abubakr, 2016). For this purpose, having spatial analysis can greatly help in site 

layout optimization while insure the safety of the temporary facilities (Karan and Ardeshir, 2008). 
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Also, having spatial queries and functionalities in an SLP model allows for optimizing the site 

layout plan while considering  risk and visibility analysis for temporary facilities (Abune’meh et 

al., 2016). In addition, representing a 3D model with the environment surrounding it while 

including spatiotemporal analysis capabilities in an SLP model would help in space planning 

(Bansal, 2011b). This is to say that having advanced spatial analysis functionalities and capabilities 

would add to the site layout planning model as it would augment its efficiency (Marzouk and 

Abubakr, 2016). 

 

For efficient and quality plans, planner’s experience and know-how is still required (Sugimoto, 

2016). Zolfagharian and Irizarry (2014) added that site planning still requires human experience 

and that some required variables are not easily predetermined. El-din et al. (2015) said that site 

planners prefer to alter decisions made by a computer system, based on their knowledge and 

experience and that preventing user interference does not allow the utilization of users’ experience 

and knowledge in designing a site layout, and more importantly, it does not allow their knowledge 

contribution to the model. Also, in part, this is due to the discrepancies between the approaches 

used by AI models and those used by practitioners in generating a solution for the site layout, 

which render them as incomprehensible to users who then refuse to implement them and fully 

accept the solution generated by such models (Sadeghpour et al., 2004b). In addition, site layout 

problems, variables, factors, and challenges are numerous, and they change over time and from 

one region to another, which makes it difficult to successfully interpret them all in a fully 

automated model. 

 

Recently, both professionals and researchers became very interested in the integration between 
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building information modeling (BIM) and geographic information system (GIS). BIM is an object-

oriented and data-rich model that digitally represents the physical and functional information about 

a building (NBIMS-US, 2016), which enables users to design, manipulate, extract, analyze, and 

share the data and information about a building during its life cycle (NIBS, 2007). It is considered 

a revolutionary technology, as it helps engineers design virtual models of a digitally constructed 

building, which allows owners to visualize the building before it is built (Jrade and Jalaei, 2013). 

A geographic information system (GIS) is a framework that allows users to gather, manage, 

organize, analyze, visualize and share various types of data including geographical and spatial data 

(ESRI, 2019). GIS allows users to interpret data to understand relationships, patterns, and trends. 

It can function as decision-support system, as it encompasses all the required qualities for an 

information system (Liu et al., 2017). BIM and GIS may share some similar qualities, as both 

enable users to make more informed decisions based on the data that is presented digitally to them; 

nevertheless, they also have some dissimilarities, one of which is their scope of representation of 

physical and thematical information. GIS is more concerned about representing information about 

what can be called the “Macro Area” starting from the world on top of the hierarchy and going all 

the way down to infrastructure. BIM, on the other hand, is concerned about representing 

information about what can be called the “Micro Area” starting from the building on top and going 

all the way down to small building components (e.g., lighting fixtures). Accordingly, integrating 

both domains will provide users with a broader view and a comprehensive environment and 

capabilities to tackle wider types of problems compared to solely using either domain. In general, 

studies on leveraging the BIM-GIS integration in the different AEC industry fields are few; 

however, in the past few years they have gotten momentum and have been increasing (Ma and 

Ren, 2017). In the literature, different topics and areas in the AEC industry are introduced by 
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researchers for the possible applications of the BIM-GIS integration (Bansal, 2015; Liu et al., 

2017). 

In spite of all this, the author was not able to find any study to date that leveraged the integration 

of BIM and GIS to develop a model for site layout planning. 

Based on that finding, this study aims to develop a site layout planning (SLP) model, based on the 

integration between BIM and GIS, that assists users and supports their decisions during the process 

of SLP while allowing them to apply their knowledge and facilitating the different analyses and 

processes required for planning a site layout that is safe and efficient with minimum potential 

conflicts. Users will use the discussed integrated SLP model to create a 4D model for the project 

and simulate the construction process; plan their routes based on actual paths onsite; select and 

place the different temporary facilities (TFs) required for the construction project, and plan the site 

layout in light of the 4D visualization of the construction progress. Finally, users will use the model 

to automatically check their plans for potential time-space conflicts in 2D as well as 3D, assess the 

risk associated with the detected conflicts, and provide them with feedback in graphical, textual, 

and tabular form. The presented decision support model for SLP in this study was developed using 

multiple toolbar extensions and plugins in both BIM and GIS tools (i.e., Autodesk Revit and 

ArcGIS Desktop respectively). This was achieved by using built-in functionalities from both 

domains (BIM and GIS), enhancing some of the existing functionalities in both tools, and 

developing new tools to suit the purpose of planning a site layout in an intuitive, timely and 

effective manner. 
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1.2 Problem statement 

Even though studies emphasize the crucial role of site layout planning as it affects the cost, safety, 

efficiency, and duration of the project (e.g., Hegazy and Elbeltagi, 1999; Kumar and Bansal, 2015; 

Ning et al., 2018b; Xu et al., 2016), practitioners, still to date, rely only on personal experience in 

planning the site layout without any commercial tool to support the decisions they make in regards 

to the site layout plan. In spite of the vast contributions by the several studies conducted in the past 

to find a solution that would help practitioners with the site layout planning (SLP) process and the 

advantages of their proposals, the need for a complete, practical, intuitive, and flexible solution 

(model) for site layout planning still exists. 

 

The models presented in the literature for site layout planning are rather scattered in scope and 

present varied descriptions and methodologies for representing and solving the different issues 

associated with site layout planning (Alsaggaf and Jrade, 2017). This has led the SLP models 

presented in the literature to be independent and fragmented in nature, which in turn has decreased 

the chances for later studies to build on previous ones to achieve a versatile model that can resolve 

a wider range of issues related to site layout planning. 

 

The SLP studies found in the literature on site layout planning have vast contributions, but in 

general, there is still room for further improvement by including some additional functionalities 

and capabilities, which the BIM-GIS integration can provide, that can be quite beneficial when 

addressed in an SLP model. These include 4D visualization, spatial-temporal analysis capabilities, 

route planning based on actual path onsite, sufficient human interaction, and to be intuitive with 
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no requirement for uncommon knowledge for practitioners in the AEC industry (Alsaggaf and 

Jrade, 2017). 

 

Accessibility and route planning based on actual path are often ignored in the literature even 

though they directly influence site layout planning and there is a tight relationship between SLP 

and each of them. An SLP model should allow for modeling and considering actual paths onsite 

when planning for routes and accessibility of the site layout. 

 

Most of the SLP models in the literature that provide 4D visualizations keep the height of objects 

fixed for the whole duration of the project which does not realistically reflect the progress of a 

construction project (Alsaggaf and Jrade, 2017). In addition, most of the models only consider the 

issues associated with the construction site itself, with little attention paid towards including the 

environmental factors of the site and its surroundings. In reality, the environmental factors of the 

site and its surroundings must be taken into account when planning the site layout, as they have a 

direct influence on the site layout plan (Marzouk and Abubakr, 2016). Also, an efficient 4D SLP 

model should incorporate two important characteristics. The first is having spatial-temporal 

analytical functions such as identifying how many site objects are located within the safety buffer 

zone of a certain tower crane, and the second, is the dynamic representation of the 3D components 

to reflect the realistic status of their progress (Su et al., 2012). The author has not come across an 

SLP model in the literature that considers both characteristics. 

 

Although the many models in the literature have the advantage of suggesting a suitable place for 

or even locating the temporary facilities (TFs) onsite based on user pre-defined constraints, most 
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of them lack sufficient human input. Users prefer a tool that helps (supports) them with making 

the right decisions and checks their decisions for conflicts and for factors that might get neglected 

during the planning process, rather than a tool that makes the decisions for them. An experienced 

professional can decide where to locate a temporary facility (TF) for a certain activity within 

seconds; however, what the professional really needs assistance with is foreseeing whether the 

selected place will cause any conflict with other site objects (TFs or PFs), as the construction 

progresses. Conflicts might result in raising safety issues and leading to a delay in the project and 

eventually a cost increase. Furthermore, each construction project is unique in nature with so many 

factors and variables to account for including design, engineering, environmental, managerial, and 

sometimes even social factors (Bansal, 2015). Those factors affect the duration, cost, productivity, 

efficiency, and quality of the project, as well as the workers’ morale and the site layout planning 

process. The complexity of the different, almost countless, factors makes it almost impossible to 

include all of them in a single model or computing environment, which means it is not feasible to 

have a computer system or a model that could solely provide decisions to solve all the different 

issues associated with site layout planning without proper involvement of human experts. 

Furthermore, most of the models presented in the literature are limited to only helping users in the 

planning process during the pre-construction phase. Given the fact that site layout planning is 

dynamic in nature and an ongoing process through the construction phase, there is a critical need 

for models that are capable of helping users during the construction phase as well. Thus there is a 

need for a rule-based model for site layout planning that would help users to check their site layout 

plan for potential conflicts and assess the risk level of the detected conflicts (Zolfagharian and 

Irizarry, 2014). To the author’s knowledge, no rule-based SLP model that offers those features has 

been presented in the literature to date. 
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This research presents a methodology for developing a decision support model that leverages the 

integration between BIM and GIS to assist users in planning safe, effective and well-organized site 

layout that would have minimum potential time-space conflicts while considering safety and route 

planning based on an actual path. The SLP model discussed will enable users to create a 4D model 

and simulate the construction progress in 4D; to select from a variety of temporary facilities (TFs) 

required to complete the construction process, place TFs on map, and plan the site layout in light 

of the 4D visualization of the construction process; and to assist users to (automatically) check 

their site layout plan for potential issues, in both 2D and 3D, run risk level assessment for the 

detected conflicts, and provide them with different feedback format including, visual (graphical), 

textual (i.e., notifications and alert messages), and tabular (i.e., a conflict report). The said model, 

while checking for the time-space conflicts in 2D and 3D in a rule-based fashion, takes into 

consideration the different spatial relationships and constraints between site objects (TFs and PFs). 

 

1.3 Research objectives 

The main objective of this study is to present a methodology for implementing a versatile and 

flexible site layout planning (SLP) model that enables users to tackle various SLP issues by 

providing various functionalities and capabilities in a unified environment, leveraging the 

integration between BIM and GIS, and assists them in planning a safer and near conflict-free 

construction site in an intuitive and timely fashion. The model presented is designed in a modular 

format to insure the flexibility of the model to accommodate previous solutions to the issues of the 

SLP process presented in the literature and to be extended to include more modules and 

functionalities in the future, which paves the way towards both tackling more SLP issues and 

covering more requirements through additional research. The idea behind this model is to support 
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decisions made by users during the process of solving the problems associated with the SLP, rather 

than making the decisions on their behalf as some of the models discussed in the literature did. 

 

This main objective of this study is achieved by implementing the following sub-objectives: 

Sub-objective 1: Develop a framework for implementing a modular decision support model for 

site layout planning, based on the integration of BIM and GIS, that provides the essential 

requirements and functionalities of any effective SLP model that can assist users in reaching a site 

layout for a more effective and safe construction site. 

Sub-objective 2: Identify the gaps in the existing functions in both BIM and GIS tools (i.e., 

Autodesk Revit and ArcGIS desktop respectively) to achieve the said SLP model and complement 

them by either enhancing some of their existing functions or developing new ones in order to 

realize the main objective of this study. 

Sub-objective 3:  Inspect and test the usability of the presented model and examine its sufficiency 

and how well it can function as a decision support model for the SLP process. 

 

1.4 Research methodology 

In order to fulfill the set objectives of this study, a methodology is developed as presented in figure 

1.1. The decision support model for site layout planning is designed in a modular format and is 

based on the integration of Building Information Modeling (BIM) and a Geographic Information 

System (GIS). This is done by employing the functionalities that exist within both the BIM and 

GIS tools (i.e., Autodesk Revit and ArcGIS desktop respectively), and implementing new tools 

that are custom developed in order to achieve the SLP model discussed in this study. 
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Figure 1.1: Research methodology 

 

1.4.1 Review of literature 

A comprehensive literature review on various areas related to site layout planning (SLP) has been 

conducted including; current practices in SLP, SLP models and solutions, related issues and SLP 
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requirements; temporary and permanent facilities spatial requirements and constraints; Geographic 

Information Systems (GIS); Building Information Modeling (BIM); similarities and differences 

between BIM and GIS approaches for BIM-GIS interoperability and integration and associated 

issues; and BIM-GIS implementations. The literature is presented in two chapters, Chapter 2 

tackles the SLP process, its significance, site objects (temporary and permanent facilities), analysis 

of the SLP models discussed in the literature, and the useful functionalities and capabilities of an 

SLP model and Chapter 3 provides an explanation of BIM and GIS, along with the applications 

and issues of interoperability and the integration of the two environments. 

 

1.4.2 Data collection 

Face-to-face interviews were conducted with professionals, including engineers, site supervisors 

and contractors from different parts of the world, namely, Ottawa, Canada; Dubai, UAE; Cairo, 

Egypt; and Jeddah and Makkah, Saudi Arabia to collect data on the process of site layout planning 

and temporary facilities and to provide comments on the functionalities included in the presented 

model and what other requirements professionals need in an SLP model. Also, more data on the 

SLP have been collected from a thorough review of the literature. Data for the different categories 

and types of the temporary facilities along with their dimensions and functions were collected from 

several manufacturers’ manuals. Additional data was collected by reviewing the literature on 

temporary facilities. Digital maps and satellite images and CAD drawings for the City of Ottawa 

(owned by the city of Ottawa) including land use, roads, and routes were collected from Carleton 

University, Ottawa, Canada. 3D BIM models for the buildings in the case studies were created 

using Autodesk Revit. 
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1.4.3 Development of the integrated BIM-GIS model for site layout planning 

The methodology to achieve the said model will be per the following stages: 

1) Looking into the actual needs, gaps and expectations of the AEC industry, adopting a feasibility 

study concept to identify how sufficient the integration of BIM and GIS is for providing a solution 

to the SLP process; and how this integration would lay the foundation for a versatile, flexible, and 

practical solution for the SLP process.  

2) Establishing a generic integration framework is to lay out the theoretic foundation for the BIM-

GIS SLP model. Then, gap analysis will be conducted to identify the desirable functionalities that 

the current SLP solutions are lacking and the BIM-GIS integration can enhance. 

3) Developing an integrated model for site layout planning that provides a suitable environment 

for a Decision Support Model (DSM) to aid planners throughout the site layout planning process. 

To enhance the versatility and flexibility of the developed model, it will be designed in a modular 

format and will consist of six modules: 1) a 3D modeling module; 2) a route planning and hauling 

module; 3) an execution-schedule time entry module; 4) a 4D visualization module; 5) a temporary 

facilities library (TFL) module; and 6) a rule-based dynamic conflict detection (DCD) module. 

 

1.4.4 Test and verify the integrated BIM-GIS model for site layout planning 

After developing of the presented model, it will be tested and verified by using a hypothetical case 

study building project to proof its capability in tackling a variety of tasks that are related to site 

layout planning and assisting users to efficiently plan a site layout that is safe and efficient in an 

intuitive and timely manner while applying their knowledge during the planning process. 
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1.5 Thesis Organization 

This thesis is organized according to the following chapters: 

Chapter 2 discusses a thorough review of the literature with regard to the site layout planning, 

Chapter 3 provides a literature review of BIM, GIS, applications of the BIM-GIS integration in 

the AEC industry, the interoperability and integration of both domains, and the challenges 

associated with it. 

Chapter 4 presents the methodology regarding the development of the decision support model for 

site layout planning including the model’s components, architecture, and the process workflow. 

Chapter 5 explains the BIM-GIS SLP model development and implementation phases and steps. 

Chapter 6 discusses the testing and verification of the presented BIM-GIS SLP model. 

Chapter 7 covers the research summary and conclusions, as well as the contributions and 

recommendations. 

Chapter 8 provides a list of references used in the literature review and methodology chapters. 

 

1.6 Summary 

This chapter provided the introduction of this study. It started with a general overview about the 

research and after that provided explanations about the research’s problem statement, research 

objectives, research methodology, and the overall organization of this study. 
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CHAPTER 2 

LITERATURE REVIEW 

 Site layout planning 

 

2.1 Introduction 

Site layout planning (SLP) is an important step in any construction project. It takes place during 

the pre-construction phase (Ning et al., 2018a; Said and El-Rayes, 2013) after finishing the detailed 

drawings and documentations of a project and before the commencement of construction (Zhou, 

et al., 2009). Despite the high influence of the outcome of this process (planning the layout for a 

construction site) on the overall cost, time, efficiency and safety of the project, and the morale of 

the personnel, SLP is mostly neglected since practitioners are dealing with it in a first-come-first-

served manner, which could result in a congested and inefficient work environment due to this 

spontaneous approach (El-Rayes and Said, 2009). This chapter looks at the literature related to the 

site layout planning, its significance, and it compares the various efforts and approaches presented 

by other researchers to solve the various SLP issues and it derives and highlights some of the useful 

functionalities and capabilities that need to be addressed in any SLP model. 

 

2.2 Definition of site layout planning 

The literature is listing various definitions for site layout planning. Zolfagharian and Irizarry 

(2014) defined site layout planning as the placement of materials, facilities, and equipment within 

a construction project space. Andayesh and Sadeghpour (2013a) defined dynamic site layout 
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planning as the task of determining the overall optimum location of objects such as temporary 

facilities, storage areas, and workshops on the construction site. A number of studies pointed out 

that the process of site layout planning involves identifying the type, shape, size and number of 

temporary facilities required for supporting the construction and suitably placing them (Zhou, et 

al., 2009; Elbeltagi, et al., 2004; RazaviAlavi	and	AbouRizk,	2016; Tommelein, et al., 1992b; 

Tommelein et al, 1991). The task of planning the site layout takes place after finalizing the design 

drawings of a project and prior to its construction (Zhou, et al., 2009). The objective of an effective 

site layout plan is not only to minimize the distance between temporary facilities needed to support 

the construction and to reduce the cost of resources, material flow and handling but also to increase 

safety, productivity, and efficiency (Elbeltagi and Hegazy, 2001; Elbeltagi, et al., 2004). In 

addition, it should optimize the location and time of the temporary facilities onsite throughout the 

whole duration of construction (Mawdesley, et al., 2002). Zolfagharian and Irizarry (2014) said 

that an optimized site layout plan ensures the optimum usage of available space, leads to lower 

project costs, provides less relocation of materials during construction, better accessibility to and 

security of a site, and makes a safer work environment. 

 

2.3 Significance of site layout planning 

Studies in the literature have emphasized the significance of site layout planning to achieving a 

more productive, safe, and cost efficient construction environment (Hegazy and Elbeltagi, 1999; 

Ning et al., 2018b; Razavialavi and Abourizk, 2017; Tommelein, et al., 1992b). Site layout 

planning could tremendously increase the effectiveness of the different site activities and reduce 

the overall costs associated with it (Dawood and Marasini, 2001). The findings of a study by 

Sadeghpour (2004) indicate that the return on investment for each dollar invested in pre-planning 
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of large projects may be 400% of their overall cost. Failing to properly plan the site layout might 

increase the construction cost and duration due to the dismantling and setting up associated with 

relocating the site facilities (Huang and Wong, 2015). The success of any project is related to the 

efficient use of space onsite to accommodate resources throughout the construction since site 

layout planning directly influences the project performance (Zhou et al., 2009). Moreover, a 

thorough planning of the site layout would help reduce the interference of site activities, accidents 

and impeded workflow due to spontaneous storage of materials on different places onsite (Tam et 

al, 2002). Previous studies showed that nearly 47% of incidents on site were related to safety 

planning, which means that site layout planning is crucial to ensuring safety during construction 

(Ning et al, 2018b). Osman et al. (2003) added that efficient layout planning of a construction site 

is fundamental to any successful project undertaking. Also, a well-planned site layout can reduce 

the total traveled distance between site facilities on a project in general, which resulted to less 

wasted time and better productivity (Andayesh and Sadeghpour, 2014a). Sadeghpour et al. (2004) 

added that planning the site layout appropriately could reduce the cost and duration of construction 

by minimizing the travel distance, enhancing the flow of material, lowering the material handling 

time and effort, boosting up the productivity and augmenting safety. Li and Love (1998) said that 

the layout of facilities has an important impact on the production time and cost savings, especially 

for large projects. Yeh (1995) argued that the impact of good layout practices on money and time 

saving becomes more obvious on larger construction projects. Neglecting planning the site layout 

and leaving it entirely to experts’ judgment might lead to a chaotic site, which could increase safety 

hazards and reduce productivity (Sadeghpour et al, 2006). In the construction industry the chances 

of a fatal occurrence among workers is five times higher than that of the manufacturing industry 

(Xu and Li, 2012). Previous studies conducted by Tommelein, et al. (1992); Hegazy and Elbeltagi 
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(1999); Hegazy and Elbeltagi (2000); Tawfik and Fernando (2001); Karan and Ardeshir (2008) , 

and others, praised the role of proper site layout planning in increasing the safety of construction 

operations along with the overall increase in the efficiency and productivity of the construction 

process. Tawfik and Fernando (2001) claimed that a research at UCL (University College London) 

suggested that 20% of reported construction accidents can be attributed to poor site logistics and 

that low productivity is strongly linked to inefficient space planning and conflicts between 

subcontractors. Xu and Li (2012) believed that a well-planned and well-run project should be both 

safe and efficient to save lives and money to reduce injuries and ill-health. Hegazy and Elbeltagi 

(2000) emphasized how crucial the appropriate layout of a construction site is for enhancing site 

productivity and safety. Moreover, having all the required TFs for construction and placing them 

strategically onsite would positively affect the morale, health, and wellbeing of the personnel 

(Elbeltagi et al., 2004). Thus, it is evident from the literature how important site layout planning 

is for providing a more efficient, safe, less costly, and more productive construction as it massively 

influences the duration, cost and performance of the whole project. According to the Occupational 

Safety and Health Administration (OSHA), in year 2014, almost 5,000 individuals died on the job 

due to safety-related issues and more than 20% of that number were workers in the construction 

industry, which is 2 to 3 workers everyday (OSHA, 2016). In 2010, the Bureau of Labour Statistics 

(BLS) reported that nearly 800 workers died in the construction industry in the United States, 

which is almost 17% of the number of all workers killed by job-related injuries in the same year 

(Huang and Wong, 2015). 

 

2.4 Temporary facilities 

Temporary facilities (TFs) are all the construction-supporting facilities that are not part of the 
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project, which are going to be removed from the site after the period in which they are required is 

finished (Sanad et al, 2008). Thus, the primary objective of TFs is to support the construction 

process. 

These facilities can be classified into three categories (Kumar and Cheng, 2015): 

1. Storage facilities: Where all materials required for the construction are momentarily stored 

and stay protected from damages due to external and environmental factors. 

There is a wide range of storage facilities, such as; 

Warehouses for cement, laydown areas and storage yards for gravel, steel, bricks, tiles, 

precast panels, etc. 

2. Operation facilities: they help with handling, lifting, and processing the building 

components and materials onsite and normally would involve people, and equipment and 

tools, therefore, they should provide adequate space to safely and efficiently do the 

activities. 

Operation facilities include: 

Cranes, hoists, carpentries, and all the different site shops, such as fabrication, welding, 

rebar cutting, steel bending, etc. 

3. Residence facilities: The function of such facilities is to accommodate workers during the 

construction of the project and provide services to them such as health, sanitary services, 

lodging, etc. Therefore, it should have sufficient space for a productive job environment. 

Residence facilities include: 

Site offices, pantries, toilets, etc.  

The quantity of materials to be stored has an influence on the size of the storage area needed, 

the size of operation facilities is dependent on the quantity and size of equipment and tools, 



 

21 

 
 

while the size and number of residence facilities is determined by the number of personnel. 

 

2.5  Permanent facilities 

Permanent facilities are all facilities or objects on site that are going to exist during construction 

and after it whether they are part of the project or not. Examples are buildings, terrain, plants, 

signs, obstructions, etc. 

 

2.6 Analysis of the site layout planning models in the literature 

A meticulous review of the literature related to the developed published models for site layout 

planning (SLP) would reveal the variations in their modeling approaches, considerations, 

assumptions, problem-solving techniques, variables, and the scope and definition of site layout 

problems in order to generate solutions. For instance, some models symbolize the geometric 

boundaries of site objects as points on the site, others encapsulate them in circles or orthogonal 

shapes such as rectangular, and some represent their actual shapes. Sadeghpour and Andayesh 

(2015) conducted a comprehensive and thorough review of more than 70 studies done within the 

years 1980 and 2014 to generate an overview of the published site layout models. The aim of their 

study was to identify the differences and similarities between those models to drive a general 

outline, for a site layout planning model, that represents the common concepts and elements among 

those published models. Regardless of the wide dissimilarities found between those models, the 

authors managed to identify common concepts between them, which are called “Constructs” in 

their study. Sadeghpour and Andayesh (2015) argued that their study could be used in the 

development of any new site layout planning model. The comparison’s outline (structure) of their 

study is adopted in this current research. 
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2.6.1 Site space representation 

Space onsite is considered a resource of significance somehow equivalent to those of the 3Ms 

(money, manpower and material), time and equipment (Elbeltagi et al., 2001; Hegazy and 

Elbeltagi, 1999). Representing site space is an essential part of any model for site layout planning 

as it allows for recognizing the available space onsite and for identifying the locations of and for 

site objects. Abdel-Fattah (2013) stated that the first step in construction-site planning is to 

determine the area available for placing temporary facilities therefore, different developed models 

have established different methodologies in modeling the site space. In general, the literature listed 

three different methods for modeling the site space. Those are: 1) predetermined locations; 2) the 

grid system; and 3) continuous space. 

2.6.1.1 Predetermined locations:  

In this method, the problem of site layout planning is simplified to become an assignment problem, 

which, in some studies, is referred to as the location allocation approach (Hammad et al., 2017). 

In this method, the SLP model uses a number of predetermined locations to model the available 

space onsite. These locations have predefined shapes and sizes. Then, the SLP model solves the 

site layout problem by assigning the site objects to the best predetermined and available locations. 

Usually, the number of predefined locations is equal to or bigger than the number of site objects 

(Osman et al., 2003). The simplicity of this method makes it appropriate for projects where the 

available space onsite is limited to certain zones due to the nature and physical properties of the 

site. Some studies further simplified this approach by excluding the shape and size factors of site 

objects, which allows to place all site objects in any predetermined location (e.g.,  Li and Love, 

1998; Tam et al., 2001; Mawdesley et al., 2002; Yeh, 1995). Other studies follow a superior 

approach by considering different shapes and sizes for the site objects as constraints to allocate 
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their locations (e.g., Hammad et al., 2017; Huang and Wong, 2015.; Li and Love, 2000; Zouein et 

al., 2002; Zhang and Wang, 2008). This makes the issue of site layout planning to be more realistic 

and in turn increases the complexity. 

2.6.1.2 Grid system:  

In this approach, any irregularly-shaped site is divided into cells. Each grid unit (cell) is given a 

unique location reference number. This location reference number allows to identify the position 

of a site object represented on the orthogonal grid. Site objects are individually placed on the grid 

in two ways: 

1- The size of one cell (grid unit) is predefined by the user to fit the largest site object in the 

project. This method is considered as a simpler implementation of the grid system. 

2- Objects could be modeled using multiple adjacent grid cells. Representing site objects on 

multiple cells, which enhances the practicality of the grid system as it provides a more 

realistic representation of the size of site objects during the search process. Also, this allows 

an object, while keeping its footprint unchanged, to take diverse forms and orientations. 

This permits the use of the available space onsite more efficiently.  

Previous studies that used this approach include: Elbeltagi and Hegazy 2001; Elbeltagi et al. 2001; 

Elbeltagi et al. 2004; El-Rayes and Said 2009; Hammad et al. 2017; Hegazy and Elbeltagi 1999; 

Khalafallah and El-Rayes 2006a; Khalafallah and El-Rayes 2006b; Khalafallah and El-Rayes 

2011; Ning et al. 2010; Ning et al. 2018a; Ning et al., 2019; Osman et al. 2003; Razavialavi and 

Abourizk 2017; and Sanad et al. 2008. The grid system method helps detecting conflicts in space 

between site objects throughout the process of locating them onsite. Also, it facilitates examining 

the location process as well as allowing to search through the whole area available on the 
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construction site without any limit to certain zones as is the case in the predetermined location 

approach.  

2.6.1.3 Continuous space:  

The grid system does not reflect the true nature of the construction site where objects could be 

placed in any suitable location and unbound by any grid lines. Ali et al. (2016) believed that a 

more accurate method for placement lies with the continuous representation of space since it allows 

objects to be located anywhere on the site in order to get the optimal location with exact 

shapes. The continuous approach is more flexible and realistic when presenting site objects if 

compared with the other two approaches. No restrictions limit the site objects to be positioned in 

any place onsite. Studies that used this approach include: Zouein et al. 2002; Sadeghpour et al. 

2004a; Sadeghpour et al. 2004b; Sadeghpour et al. 2006; Easa and Hossain 2008; and Andayesh 

and Sadeghpour 2011. 

 

2.6.2 Shape representation of site objects 

Knowing the geometry of site objects, such as the dimensions and forms, is essential to identify 

the space needed for them and consequently for the SLP. Razavialavi et al. (2014) stated that 

underestimating the facility size can lead to facility space’s shortage, productivity loss, and safety 

problems while overestimating it can result in lack of space for the other facilities.  Published 

studies listed three common ways for modeling the boundaries of the site objects in 2D, those 

include: 

2.6.2.1 Dimensionless objects 

Previous studies that used this method consider site objects as shapeless and as a result they model 

them as set of points on the site (e.g., Yeh 1995; Li and Love 1998; Tam et al. 2001; and 
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Mawdesley et al. 2002). This method is suitable with the location allocation approach since no 

dimension or form is required. Accordingly, objects’ boundaries are not factored into the 

optimization process because their positions on the site are already determined (e.g., Wang et al., 

2015). Sadeghpour and Andayesh (2015) stated that because their positions are predetermined, 

there will be no need to verify any overlaps or space conflicts between those objects. 

2.6.2.2 Approximate geometry 

This is the most common approach listed in the literature. The actual shape of the site object is 

encapsulated in a basic two-dimensional or three-dimensional geometric shape such as a rectangle 

or cylinder. Some past models augment this approach by permitting rotation for the encapsulating 

shape, which enhances the flexibility of the model and the efficient use of space onsite. Studies 

that used this approach include: Andayesh and Sadeghpour 2011; Andayesh and Sadeghpour 

(2013a); El-Rayes and Khalafallah 2005; Easa et al. 2006; Easa and Hossain 2008; El-Rayes and 

Said 2009; Hammad et al. 2007; Hammad et al. 2017; Khalafallah and El-Rayes 2011; Ning et al. 

2010; and Razavialavi and Abourizk 2017. 

2.6.2.3 Actual object shape 

Modeling the actual shape of objects in 2D or 3D allows for more accurate and realistic 

identification of their location and the available space on the site. The necessity for exact shape 

representation arises in cases where space onsite is limited, such in high-density urban centers (Ali 

et al., 2016). Nevertheless, the use of this approach comes with a cost because it demands intensive 

computation efforts. which makes it time-consuming. Also, this demanding process becomes even 

more time-consuming when the actual shape approach is combined with the continuous space 

approach. This requires more efficient computation techniques to detect and resolve space issues 
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(e.g., Sadeghpour et al. 2004a; Sadeghpour et al. 2006). Studies that used this approach include: 

Elbeltagi et al. 2001; Hegazy and Elbeltagi 1999; Osman et al. 2003; and Sanad et al. 2008. 

 

2.6.3 Time representation 

Typically, there are two main approaches when it comes to define the site layout problems with 

respect to time, which are, the static site layout planning approach and the dynamic site layout 

planning approach (Ning et al, 2010). One part of the listed models in the literature adopted the 

static approach to solve the SLP-related issues however, the other part of the models embraced the 

dynamic approach as they found it to be more realistic and more representative to the SLP issues. 

Some studies have managed to overcome the limitation of the static approach by dividing the 

project’s duration into intervals; this approach is referred to as a phased approach where the fully 

dynamic approach would consider the space required for a site object only for the duration for 

which that object is required on the site (Andayesh and Sadeghpour, 2013b; Andayesh and 

Sadeghpour, 2014b). Therefore, the time representation approaches for SLP can be classified as 

static, phased, and dynamic. 

2.6.3.1 Static site layout planning approach 

In this approach, the site layout does not change, which means that all the TFs will remain fixed 

in their selected locations from the start of construction to its end as it does not account for the 

factor of time (Andayesh and Sadeghpour, 2013b; Kumar and Cheng, 2015). Part of previous 

studies used the static site layout planning approach to simplify the problems associated with SLP, 

however the literature found that this approach was deemed to not reflect the true nature of the site 

layout planning, which is dynamic, and it considered it to be more suitable for small and short-

period construction projects (Andayesh and Sadeghpour, 2013b). A comparison study between the 
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results when using the static approach and dynamic (staged) approach was done by Huang and 

Wong (2015). Their study showed that using the static site layout approach does not reflect the 

true nature of the construction and accordingly the optimization results of this approach is less 

accurate if compared with the dynamic (staged) approach. 

 

2.6.3.2 Staged site layout planning 

Tommelein and Zouein (1993) presented a model called “MovePlan” where the term dynamic 

layout, which refers to a sequence of layouts covering the whole duration of the construction 

process, was first introduced. Elbeltagi et al. (2004) defined the dynamic site layout planning 

(DSLP) as the reorganization of the location and/or areas of the needed TFs on site at various time 

intervals, throughout the project’s duration to suit the dynamic need of TFs by the associated 

activities. The logic behind this approach is to split the construction lifetime into separate durations 

(partial stages), each of which has a separate partial layout. Each of those separate layouts is 

generated in chronological order and they usually get optimized individually by taking into 

consideration only the site objects that are required for that specific period. Site objects that exist 

between two consecutive time intervals are considered permanent facilities (fixed) during the 

second interval who occupy the same location that was allocated to them during the first interval 

while the layout is optimized accordingly. The remaining of the site objects are optimized and 

assigned optimal location from the available area onsite. Previous studies that adopted the staged 

approach include: Al Hawarneh et al. 2019; Zouein and Tommelein 1999; Elbeltagi et al. 2001; 

Elbeltagi et al. 2004; El-Rayes and Said 2009; Said and El-Rayes 2013; and Sanad et al. 2008. 
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2.6.3.3 Dynamic site layout planning approach 

The layout in this approach is constantly changing depending on the planned schedule as the 

construction progresses. Andayesh and Sadeghpour (2013a) defined dynamic site layout planning 

as the task of determining the overall optimum location of objects such as temporary facilities, 

storage areas, and workshops on the construction site. This requires efficient use of space onsite 

to accommodate site objects (TFs and PFs) over the entire  duration of a construction project 

(Zouein and Tommelein, 1999). In general, dynamic site layout planning is said to yield more 

accurate and realistic results if compared to static layout planning, because it takes into 

consideration the actual duration for which the temporary facilities are needed onsite; it permits to 

reuse the space that becomes available; and it accommodates for the continuous changes as 

required by the construction (Andayesh and Sadeghpour, 2013b). Sadeghpour and Andayeshr 

(2015) argued that in order for the site layout planning approach to be rendered as fully dynamic, 

two time-related properties must be included. The first one is concurrent optimization of the 

layouts and site objects throughout the construction duration. Second, the process should reflect 

the alterations that occur to site objects. This approach allows the space used by one object to be 

reassigned to another one as long they do not have a time conflict (overlap in time). 

In a fully dynamic approach, fewer site objects compete over available space on site that would 

increase the chance for each object to get an optimal location. Numerical examples explained by 

Andayesh and Sadeghpour 2013b; Andayesh and Sadeghpour, 2014b and Sadeghpour and 

Andayesh 2015 demonstrated the advantage and efficiency of how the fully dynamic approach 

who realistically represents the changes in space requirements over time if compared to the other 

two approaches. 
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2.6.4 Planning goals and objectives 

Site layout planning models are implemented with the purpose of achieving one or more projected 

goals. Those goals are listed in the literature as: increasing productivity; safety; and security 

(Tommelein et al., 1992b). Goals must be interpreted by attainable objectives that can be achieved. 

Objectives related to site layout planning are defined as spatial relationships between site facilities. 

For instance, the goal for improving the efficiency of construction activities could be realized 

through the objective of reducing the travel distance between the site facilities (Elbeltagi, et al., 

2004; Hammad et al., 2017; RazaviAlavi and AbouRizk, 2016). The goal of optimizing safety 

could be attained by decreasing the intersections between roads and paths onsite (El-Rayes and 

Khalafallah, 2005; Karan and Ardeshir, 2008). The objective of enhancing visibility is used to 

realize the goal of improving security onsite (Sadeghpour et al., 2006; Abune’meh et al., 2016). 

Objectives are expressed clearly in most of the studies listed in the literature about SLP, unlike 

goals, which are only denoted implicitly (Sadeghpour and Andayesh, 2015). Generally, a goal 

could be achieved through one or more objectives while an objective could be utilized to achieve 

a single or multiple goals. The objective of reducing the intersections between roads and paths, for 

example, would result in improving safety by decreasing the potentials of collision onsite and it 

would increase productivity since fewer site objects may be delayed due to the waiting time for a 

road to be cleared and be ready to use. Likewise, the goal for enhancing security onsite can be 

realized by increasing the visibility onsite and/or reducing the distance between site guards and 

the valuable site objects. 

The literature listed three concepts in relation to site layout planning that represent the objectives: 

1) a utility function; 2) spatial relationships; and 3) constraints and penalties. 
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2.6.4.1 Utility function 

Generally, planning an optimal site layout requires implementing more than one goal, a 

mathematical formula known as a “utility function” is often used to represent a combination of 

multiple objectives in a single formula (Marler and Arora, 2004). Not all objectives included in 

the utility function, which is known in the literature as an objective function, have the same 

importance. Thus, weight values are assigned differently to each individual objective in the 

formula to reflect its significance and to model users’ preferences (Marler and Arora, 2004). This 

is helpful in cases where objectives included in the SLP model are paradoxical and would have a 

counterinfluence on the final optimal location of the facilities. For instance, while decreasing the 

distance between site objects would improve productivity, in some cases, maximizing that distance 

is required for safety purposes. This applies in cases such as explosives storage that should be close 

to the work area to improve productivity but at the same time maximizing distance is recommended 

for safety purposes. Equation 2.1 shows an example of a utility function, expressed  as the 

summation of weighted distances, that aims to minimize the travel distance between facilities 

(Razavialavi and Abourizk, 2017).	

		

Utility	function	=	minimize.distance	∑; × =	 	 	 	 	 	 	 				[2.1]	

 

where W denotes the weight assigned to the objective of closeness (significance or cost of the 

interaction) between different pairs of facilities. It worth mentioning that weights can be identified 

based on various factors such as cost, travel frequency, and/or decision makers preference. The 

optimization model seeks the optimal solution based on the identified utility function then the level 

of the generated solutions for fulfilling the different objectives is assessed based on the score that 
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each solution achieves by satisfying the objective function constraints. Some of studies that used 

the utility function in Equation 2.1 include: Andayesh and Sadeghpour 2013a; Elbeltagi and 

Hegazy 2001; Li and Love 1998; Zouein and Tommelein 1999;  Osman et al. 2003; and ; Hammad 

et al. 2017; RazaviAlavi and AbouRizk 2016; and Zhang and Wang 2008. 

2.6.4.2 Spatial relationships 

Site facilities have diverse spatial relationships that govern the interaction between them. Typical 

relationships that are used in published studies for site layout planning include closeness, farness, 

visibility and containment. The different relationships between facilities are defined by the 

objectives that reflect the type of the spatial relationship between those facilities. For example, the 

spatial relationship of farness between two site objects is presented by the objective of maximizing 

the travel distance. Even though there are several different spatial relationships among site objects, 

the objective of minimizing the travel distance, that represents the closeness, is most often 

addressed in the literature of site layout planning (Razavialavi and Abourizk, 2017). The other 

spatial relationships, such as farness, are applied for maximizing the distance between facilities 

that should be kept far from one another (Farmakis and Chassiakos, 2018). For instance, a storage 

space for combustive materials needs to be located far from sources of heat. Visibility is used for 

facilities that need to be seen from one another (Abune’meh et al., 2016). For example, a site office 

should be located in a place where construction activities can be seen. Containment is assigned for 

facilities that should be positioned inside or outside the boundary of one another; for instance, 

materials, equipment, tools, building components, etc., should be located within the operational 

radius of a tower crane. It is known that a utility function is utilized in a multi-objective model to 

present more than one objective, several of which may, sometimes, have contradictory effects on 

locating facilities. The degree of satisfaction of an objective function can be presented either in 
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binary (0 and 1), which can be used to present containment (in or out), or continuous, which can 

be used to represent closeness such as, in the closer the distance between two facilities is, the 

higher the value of the objective function is (Sadeghpour and Andayesh, 2015). Equation 2.2 

illustrates an example of a formulation (utility function) taking into consideration the multiple 

objectives between two facilities (Sadeghpour and Andayesh, 2015).  

 

Utility	function= ∑B!"# C!"#	 	 	 	 	 	 	 	 [2.2]	

	

where	Sijx	denotes	the	satisfactory	value	for	the	objective	x	between	facilities	i	and	j;	and	Wijx	

denotes	the	weight,	which	reflects	the	relative	significance	of	that	same	objective.	

	

2.6.4.3 Constraints and penalties 

Constraints are set of limiting considerations, defined in the SLP model, to form a boundary within 

which acceptable solutions can be generated (Ali et al., 2016). Constraints and objectives can be 

looked at equally as design metrics or criteria (Marler and Arora, 2004). Thus, a solution is 

considered feasible when it satisfies all the constraints provided by a model. However, not all the 

generated solutions satisfy the defined objectives or constraints to the same degree. Thus, a concept 

known as penalties is applied to solutions that violated the constraints set by the model, this is a 

way to show the level of tolerance for that violation. Depending on the level of violation, penalties 

influence the overall score of the generated solutions, deeming them to be less desirable but does 

not reject those solutions. This adds to the flexibility of the model to provide a solution that satisfies 

the defined constraints to an acceptable level and, which will be added into the utility function as 

shown in Equation 2.3 (Sadeghpour and Andayesh, 2015). 
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Utility	function= ∑B!"# O!"# + Q$%	 	 	 	 	 	 	 	 [2.3]	

where Pkn denotes the value of penalty k applied to each n (number of instance) occurrences. 

Penalties are used in cases where a solution partially violates a constraint but to a tolerable extent. 

For example, if an optimum location is allocated to an important facility that is scheduled to arrive 

at a later time to the site while that same location was assigned to a less important facility that 

arrives at the start of construction and both facilities are expected to have a time overlap then the 

less important facility should be relocated. In that case, a penalty, could be applied in the form of 

a “relocation cost”, which includes the cost of setting up, dismantling, and removing the facilities. 

This relocation cost is applied whenever a facility is moved from one place to another during the 

construction. In that example, the space of the site was used efficiently, which resulted in less total 

travel distance and consequently a higher value for the objective function. However, in case 

numerous relocations occurred, the associated cost will accumulate leading to an increase in the 

overall cost of the solution, which makes it less desirable than the other solution that has higher 

travel distance cost. Thus, the cost penalty affects the final outcome for the optimum layout (e.g., 

Zouein and Tommelein, 1999; El-Rayes and Said, 2009; Ning et al., 2010). Safety could also be 

improved by applying a penalty to the objective function whenever a hazard occurs. El-Rayes and 

Khalafallah (2005) implemented penalties to enhance safety onsite by applying a penalty for every 

intersection of roads that occurs, which would reduce the potential of collision hazards onsite. 

Applying a penalty in the utility function should be done wisely because it could result in degrading 

the other weighted objectives included in the utility function. Sadeghpour and Andayesh (2015) 

argued that the challenge in adding the penalty to the utility function is that it is difficult to 

normalize the variables such that one does not overweigh others. Thus, using penalties should be 



 

34 

 
 

applied in a way that helps in excluding solutions that do not satisfy the minimum requirements as 

defined in the model for a feasible solution. 

 

2.6.5 Optimization and search approaches of site layout planning 

The optimization step usually takes place when all site objects (temporary facilities and permanent 

facilities) intended to be used in a project are known. Afterwards, a search approach and an 

optimization technique are selected. The objective of the search approach is to determine the 

method and order of selecting an optimum position onsite for site objects. There are numerous 

search methods that have been presented in the literature. During earlier efforts of site layout 

planning, there were two search approaches commonly used, which are the construction approach 

and the improvement approach. In 2015, the concurrent approach, was identified and introduced 

by Sadeghpour and Andayesh. The optimization technique is mainly used to implement the 

selected search approach and to realize the optimum layout. Many studies have applied different 

optimization techniques such as metaheuristic, mathematical, and knowledge-based systems 

(Farmakis and Chassiakos, 2018). All site layout planning concepts (i.e., time representation, space 

representation, site objects representation, and goals and objectives) play a role in defining the 

optimization technique, however the search approach and its level of sophistication and accuracy 

is the most critical when selecting the optimization technique. 

2.6.5.1 Construction approach  

In this approach, site objects arrive to the site one after the other and the optimum space is allocated 

for every individual site object at its arrival time. This means that at first, the space optimization 

process for each object is dependent on the positions of other objects that exist onsite at that time. 

Second, the order by which the site objects are selected has high influence on the final solution 
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since selecting the optimal location relies on the arrangement of previous locations of objects. 

Studies that used this approach include: Tommelein et al. 1992b; Tommelein and Zouein 1993; 

Zouein and Tommelein 1999; Sadeghpour et al. 2004a; and Sadeghpour et al. 2006. Defining the 

order is done either by the user or by the model, which it is set as the default order. This procedure 

is based on factors such as the cost of relocation, the interaction frequency with other objects 

(Zouein and Tommelein, 1999) or multiple combined factors (Sadeghpour et al. 2004a). 

2.6.5.2 Improvement approach 

This approach starts with a primary layout including all facilities (TFs and PFs), that is usually 

arbitrarily produced. Then, this initial layout is progressively optimized and new layouts are 

produced in the process. Every new optimized layout is assessed based on an objective function to 

determine the one that is the fittest. Normally, this process is repeated until it reaches the limit 

value of the objective function is or until no more enhancement is achieved in the produced 

answers (solutions). Examples of metaheuristic techniques that are commonly used in executing 

the improvement approach include: Ant colony optimization (ACO) (e.g, Ning et al., 2019); 

Approximate dynamic programming (e.g., El-Rayes and Said, 2009); Bee colony algorithm (BCA) 

(e.g., Yahya and Saka, 2014); Firefly algorithm (FA) (e.g., Wang et al., 2014); Genetic algorithm 

(GA) (e.g., Farmakis and Chassiakos, 2018; Sanad et al. 2008); Particle bee algorithm (PBA) (e.g., 

Lien and Cheng, 2014); Particle swarm optimization (PSO) (e.g., Zhang and Wang, 2008); and 

mixed-integer programming (e.g., Hammad et al., 2016; Hammad et al., 2017; Wong et al., 2010; 

Huang and Wong, 2017). Generally, those methods enhance the quality of the solutions (often 

referred to as genes) through different steps or generations. However, there are some techniques 

that allow for optimization within the same generation (Elbeltagi, 2013). Typically, this approach 

only seeks for semi-optimal solutions while a global optimum layout will not necessarily be 
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reached. This is due to the way the heuristic algorithms work and because at every step in the 

process there are lots of possibilities. Explanations and comparisons of different metaheuristic 

algorithms are found in studies conducted by Elbeltagi et al. 2005; Elbeltagi 2013; Nguyen 2013; 

and Wong et al. 2010. In general, the quality of a solution generated by heuristic techniques is 

dependent on factors such as the number of iterations, determining the proper number of initial 

populations (possible solutions), and the defined threshold for the objective function to be reached.  

Also, it was found that determining the proper number of the first population requires 

experimentation and that the processing time and the success rate for the heuristic techniques 

massively increases when the size of the project or the number of variables increases. 

2.6.5.3 Concurrent approach 

The idea behind this approach is to achieve the global optimum solution by simultaneously 

allocating positions to all site objects. The concurrent approach seeks to produce a single globally 

optimized layout. This differs from the improvement approach where multiple layouts are 

generated during the process of gradually optimizing the layout. Furthermore, the concurrent 

approach differs from the construction approach in the way of allocating to site objects. In the 

construction approach a position is allocated to each site object individually in a sequential manner, 

whereas in this approach the space is allocated to all facilities concurrently. Easa and Hossain, 

(2008) used a mathematical model to implement the concurrent approach on a static layout. This 

case is considered to be less complex than the case of combining the concurrent approach with the 

dynamic layout problems (Andayesh and Sadeghpour, 2013b) because the durations of site objects 

on the site (including time of arrival and departure) and the interrelationships between facilities 

(that change over time) must be considered. 
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2.7 Functions and capabilities needed in any model for site layout planning  

In light of the previous section, it is obvious that the SLP models presented in the literature offered 

numerous advantages and great contributions which include automating the processes of selecting 

temporary facilities and site plan optimization while considering one or more objectives such as 

enhancing safety and/or minimizing travel cost. Nevertheless, due to the fragmented nature and 

variation in the approaches adopted in the published studies used to define and solve SLP issues, 

the probability for finding past studies to build upon newer ones to realize a SLP model that 

addresses a broader range of SLP issues may be questionable or even diminished. This means that 

there is a need for improvement by considering some additional requirements, functionalities and 

capabilities are useful to be addressed in a site layout planning model, including familiar and 

intuitive environments with no special knowledge required, spatiotemporal functionalities and 

capabilities, site logistics, accessibility, and route planning, 4D visualization, and human 

involvement and interaction. Those are essential features and requirements for a versatile solution 

that tackles various site layout planning issues. 

 

2.7.1 Spatiotemporal functionalities and capabilities 

Despite the critical need for such a function, spatial-temporal analysis is not incorporated in most 

of the previously developed models for site layout planning. The surrounding environment of a 

site and its conditions (e.g., topographical characteristics) are unique for each site and they highly 

influence the site layout plans and approaches (Tam et al., 2001). A construction site is part of its 

surrounding environment, which affects it, thus, a site should not be planned in isolation of its 

surroundings. The location of a building while is under construction on the site, has a significant 

influence on the construction strategy (Bansal, 2015). A thorough examination of the construction 
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site should be conducted, taking into consideration the surrounding environment and any 

obstructions, including adjacent buildings that could be in the range of some temporary facilities 

(e.g., tower cranes), underground structures and conditions (e.g., infrastructures) and any high-risk 

facilities (e.g., power towers) because those will highly affect the position of temporary facilities 

onsite (Marzouk and Abubakr, 2016). A project constructed in one location would have a different 

construction approach from one that is being constructed at another location with different site 

characteristics and topography; because it would present different challenges (Bansal, 2015). 

Temporary facilities should be carefully placed in the construction site with the aim of avoiding 

any hazards, on-ground and underground objects (e.g., shorings, excavations, embankments, or 

buried tanks/pipes) that may affect its stability, operation, or functions (Marzouk and Abubakr, 

2016). Spatial analysis can be highly beneficial in optimizing the site layout planning by taking 

into consideration the safety of temporary facilities (Karan and Ardeshir, 2008). Moreover, spatial 

queries and functionalities in a site layout model facilitate optimizing the site-layout-based risk 

and visibility analysis for temporary facilities (Abune’meh et al., 2016). In addition, choosing an 

optimal location for some temporary facilities, such as tower cranes, requires special space 

considerations, since it gets erected and dismantled using other TFs (mobile cranes), which in turn 

need an access road for arriving at and leaving the site along with enough space for maneuvering 

(Marzouk and Abubakr, 2016). Creating a 3D model that includes the environment surrounding 

the site and having spatiotemporal analysis capabilities in a planning model would help in space 

planning (Bansal, 2011b). Accordingly, having advanced spatial analysis functionalities and 

capabilities would enhance the efficiency of the site layout planning model (Marzouk and 

Abubakr, 2016). Therefore, an efficient site layout planning model should help users to perform 

spatio-temporal analysis, such as what, when, and where space is required and available for 
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construction activities, materials and site facilities based on fundamental information, including 

the location of all the materials coming to and generated on the site and a representation of the 

spatial characteristics of the construction site (e.g., terrain) along with its surrounding 

environment. Moreover, the model should present all those in a user-friendly manner including 

textual, tabular, and visualization formats. 

 

2.7.2 Site logistics, access roads, and route planning 

2.7.2.1 Site logistics 

Procurement of materials for a new construction project, estimating the quantities of demolition 

and renovation (D&R) waste generated onsite, and the availability of space onsite have a direct 

influence on site logistics, which affect the decision made in relation to some of the TFs needed 

during in the construction process (e.g., storage areas, trucks, and equipment). Ali et al. (2016) 

defined site logistics as reducing the cost of hauling storage and the distance of materials and 

equipment from the work area, while increasing site productivity through planning and scheduling. 

This shows that site logistics and site layout are interrelated and interdependent on one another, 

which encouraged researchers to develop models that integrate and optimize site layout planning 

and site logistics especially in congested sites (Said, 2010; Su et al., 2012; Ali et al., 2016). Said 

(2010) believed that overlooking these critical interdependencies between material procurement 

and the availability of site space can lead to negative impacts on project performance including 

material shortages, improper storage, poor and unsafe site layout, and productivity losses. 

Furthermore, the quantity of materials to be stored has an influence on the size of the storage area 

needed while the size of operation facilities is dependent on the quantity and size of equipment 

and tools (Kumar and Cheng, 2015). Reducing the material handling costs and the distance 
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between TFs and their supporting activities to minimize travel time is dependent on the 

development of dynamic material requirements, which are achieved by incorporating material 

estimates with an execution schedule (Bansal, 2015). Said (2010) emphasized that coordination 

between the decisions of material procurement and material storage onsite is vital to avoid major 

site problems and to increase the efficiency of these two tasks. Therefore, extensive descriptive 

information and data input have to be specified by practitioners during the process of site and 

logistics planning, which include site spatial information, interior building spaces, and an 

execution schedule (Said, 2010). Accordingly, knowing the amounts of materials coming to the 

site, the amounts of waste generated onsite and their potential location will aid layout designers 

reach more informed decisions related to the numbers and sizes of TFs required (e.g., number of 

trucks, storage spaces, laydown areas, etc.). While most published studies conducted on SLP 

focused on integrating the material procurement process (Said, 2010; Said and El-Rayes 2011; Su 

et al., 2012) by taking into consideration the demolition and renovation (D&R) waste generated 

onsite, which has the potential to be recycled and reused in such projects or in other projects in the 

future is very beneficial to improve the sustainability of the SLP practice and to have cost savings, 

although they were not considered in previous site layout planning studies. Wu et al. (2015) 

considered that rapid urbanization has not only contributed to an increasing use of non-renewable 

resources but has also led to generate a significant amount of construction and demolition (C&D) 

waste with its associated environmental concerns, although it is widely recognized that the 

demolition waste has very high recycling potential. Poon et al. (2001b) stated that the weight of  

the demolition (D) waste is estimated to be 10 to 20 times more than the waste produced from new 

construction (C). Llatas (2011) emphasized that as requirements for C&D waste quantification 

become more and more accurate, concise and detailed, it is believed that computer-aided 
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estimation has good development prospects. Wu et al (2014) believed that one advantage of giving 

a detailed classification for construction waste is that the chances of recovering the waste may be 

increased. As a result, there is an increasing need for such tools that use BIM technology in 

construction management. Cheng and Ma (2013) developed a model to improve C&D waste 

sorting, quantification and estimation processes by leveraging BIM tools. Jalali (2007) considered 

that the estimation results could provide fundamental data for practitioners to evaluate the true size 

of the waste and to make an adequate decision for their minimization and sustainable management. 

Wu et al (2014) believed that the waste generation rates that were derived from different projects 

can assist in providing information for benchmarking the effectiveness of different management 

practices. D&R waste can be categorized based on building materials (e.g., glass, concrete, wood, 

steel, etc.), building components (e.g., doors, windows, walls, slabs, etc.), or materials condition 

(e.g., recyclable, reusable, or total loss). Also, an additional categorization method is to classify 

the building materials into “inert” and “non-inert” materials as stated by Zhang et al. (2012). 

Common inert materials include “reinforced concrete, asphalt, cement plaster, mortar, aggregate, 

sand, bricks, rocks, rubble, and soil”, while common non-inert materials include “wood, metal, 

plastic, and other organic materials” (Cheng and Ma 2013). Some of the waste estimation 

approaches as discussed in the literature, are mentioned in a study by Cheng and Ma (2013) as 

“Global Index” and “component index” methods, which were first introduced by Jalali (2007). The 

“waste index” was presented by Poon et al. (2001a) while the GIS approach was mentioned by Wu 

et al. (2015), which considers the land use (private residential, public residential, or commercial 

buildings), structure type (brick, steel structure, etc.) and floor gross area to estimate the generated 

waste. Cheng and Ma (2013) described the waste index as the amount (in unit of volume or weight) 

of construction waste generated per m2 of Gross Floor Area (GFA); The global index, as a more 
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detailed method, that allocates certain changes or increased percentages to every kind of building 

material; and the component index approach that estimates the amount of C&D waste based on 

the type and amount of the construction components in a building facility. Therefore, a versatile 

SLP model should provide the user with detailed information about the amounts and locations of 

materials and waste generated onsite that will enable the layout designer to make more informed 

decisions on the numbers, optimal positions and sizes of the required TFs (e.g., storage areas, 

laydown areas, number of trucks, etc.). 

 

2.7.2.2 Access roads and route planning 

Well planned access roads can decrease the time and cost of handling resources and can improve 

safety on construction sites (Mawdesley et al., 2002; El-Rayes and Khalafallah, 2005; Sanad et al. 

2008; Karan and Ardeshir, 2008; Andayesh and Sadeghpour, 2014a). For instance, tower cranes 

need special consideration when performing site layout planning such as places for storage as well 

as access roads, installation and dismantling spaces, and other criteria that ought to be considered 

when planning for a crane position (Marzouk and Abubakr, 2016). Furthermore, limited 

accessibility could decrease efficiency by 58% and the congested work space could lead to an 

efficiency reduction of up to 65% (Su et al., 2012). Site layout planning can influence the cost 

associated with the travel distance of construction operations (Hammad et al., 2017). Most of the 

studies conducted on site layout planning have focused on solving site layout planning problems 

by only minimizing the travel distance between the temporary facilities and the relocation cost (El-

din et al., 2015). Yet, to date, the planning of access roads has been neglected in the literature 

despite that the travel distance between site facilities is the most common factor used to optimize 

the site layout in the models presented in the literature, which means that including access roads 
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while modeling the site layout is vital (Sadeghpour and Andayesh, 2015). Generally, there are two 

simplified approaches introduced in the literature to represent the distance between the site 

facilities. Those are Rectilinear distance and Euclidean distance. In real life projects, “actual paths” 

as defined onsite are used to measure the distance between any two facilities (Cheng and Kumar, 

2014). Previous studies that used rectilinear distance in their developed models are: Zouein and 

Tommelein 1999; Mawdesley et al. 2002; Zouein et al. 2002; and El-Rayes and Said 2009 and the 

ones that used Euclidean distance include: Li and Love 1998; Elbeltagi and Hegazy, 2001; Osman 

et al 2003; and Andayesh and Sadeghpour 2013a. It is worth mentioning that both rectilinear and 

Euclidean (i.e., direct approaches) approaches are simple and can quickly find the path between 

two points however, they do not account for any of the obstacles on that path (Andayesh and 

Sadeghpour, 2014a). 

In addition, path (route) planning is essential for site logistics and for a safe and efficient SLP 

however, examining the accuracy of the approaches used for route planning has not gotten 

sufficient attention (Andayesh and Sadeghpour, 2014a). In addition to the two previously 

mentioned approaches (rectilinear and Euclidean), other approaches such as grid based and 

visibility graph were also introduced to determine the shortest path onsite. A comparative study 

that compared those approaches was done by Andayesh and Sadeghpour (2014a) found that a grid-

based approach considers the obstacles found in the path but the accuracy of the path depends on 

the grid size; whereas, the visibility graph was the most accurate approach. Nevertheless, when the 

site is congested more computation is needed, compared with the other approaches. The problem 

with all those approaches, despite their contributions to solving the path planning issues, is that 

almost none of them has considered the site spatial (topographic) conditions. In reality, the ground 

or the site surface is not plane but rather has variation in its slopes, while complex terrain would 
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affect the distance’s length, travel distance, time, and the selection of the shortest path between 

site facilities. Therefore, a real representation of the site spatial (topographic) conditions is vital in 

any SLP model. A methodology was introduced by Al-saggaf and Jrade (2015) for an integrated 

BIM-GIS model that simplifies the estimation and categorization of D&R waste generated onsite 

for multiple distributed locations and estimates the number of trucks required for hauling and 

relocating the waste based on the travel distance, which is calculated for actual roads and paths 

defined onsite, between the waste site location and the targeted destination. The model is also 

capable of determining the closest destinations (e.g., storage spaces or landfills) to the location of 

the waste and it can identify the shortest path between the two points. 

 

2.7.3 4D Visualization 

Being able to visualize the progress of construction in 4D (3D + time factor) is a key to provide 

planners with a real and comprehensive view of what the conditions are and what the sequence of 

work might be throughout the duration of construction (Bansal, 2015). If compared to 4D 

visualization, traditional methods have a higher chance to errors since the planner is required to 

have a very good imagination to picture how the arrangement of PF, TF, available area onsite and 

the accessibility to the site would be throughout the duration of construction. Ma et al. (2005) 

claimed that a visual 4D planning and scheduling technique that combines static 3D CAD models 

with construction schedules has proven to be beneficial over traditional tools such as bar charts or 

network analyses. Akinci et al (2002) argued that 4D simulation by itself has proven to be a much 

better environment for construction planning than Gantt charts or CPM schedules. Sugimoto 

(2016) praised the role of 4D visualization of the construction schedule as a means to validate the 

construction plan. Marzouk and Abubakr (2016) explained that BIM-4D planning is very helpful 
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in understanding the sequence of the lift operation and in checking if there are possible collisions 

that could happen between the cranes during the operation time. They also suggested that current 

limitations in their framework could be mitigated by enabling the dynamic nature of construction 

sites and incorporating a simulation tool that addresses the variability and ambiguity. 4D based 

models could assist practitioners, during the preconstruction phase, in revising their execution 

strategy and foresee any potential errors in the schedule, overlooked tasks, spatial feasibility, 

spatial-temporal clashes, evaluating different approaches for construction and investigating the 

constructability through simulation (Bansal, 2015). Models that support 3D and time integration 

provide more clarity and increase the understanding of practitioners to the construction process 

and accordingly make them more likely to allocate resources more effectively (Bansal and Pal, 

2008). An important requirement in a 4D SLP model is in presenting and managing the space 

needed for conducting an activity in addition to presenting the building components and activities 

because a as lack of such a feature (an activity space requirement) in the planning and scheduling 

process may lead to spatial-temporal clashes due to the interference of one activity space with 

another (Akinci et al, 2002). Bansal (2011) claimed that, in space planning, to finalize a plan in 

terms of when, where, and how long a space is required on the jobsite, a space-loaded 4D animation 

is helpful because the overlaps among various spaces are verified visually through the animation 

and that visualization of the construction site helped significantly in the identification of activities 

progressing virtually without even inspecting the construction site. Furthermore, an efficient 4D 

SLP model should incorporate two important characteristics. First, is the spatial-temporal 

analytical functions such as identifying how many site objects are located within the safety buffer 

zone of a certain tower crane and the second is the dynamic representation of the 3D components 

to reflect their realistic progress status (Su et al., 2012). However, most of the models presented in 
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the literature for SLP that support 4D modeling are in fact 2.5D + time (with fixed height and 

shape), which means that they do not reflect the actual progress of construction and the site 

conditions realistically. For instance, visualizing the progress of floor completions in a multi-story 

building in relation to the consumption of materials onsite (Sadeghpour and Andayesh, 2015). Su 

et al. (2012) explained that visualizing 3D objects at discrete points throughout the duration of the 

associated task, i.e., displaying the entire product for the whole task duration, is not a presentation 

to the construction process. Being able to visualize the site layout in three dimensions throughout 

the different stages would lead for smoother and easier planning for a dynamic construction site 

(Zolfagharian and Irizarry, 2014).  El-din et al. (2015) said that because the site boundaries, 

existing permanent structures, new buildings, and temporary facility locations all occupy space in 

three dimensions, the layout of temporary facilities is inherently graphical in nature. Accordingly, 

the 4D model should integrate 3D models for the PFs (e.g., buildings) and site facilities (e.g., 

storage areas, batch plants, etc.) with the construction schedule. Ma et al. (2005) argued that this 

structure not only enables resource, schedule, and manpower management for the project but also 

provides convenience to 4D layout across the construction site. However, developing a 4D model 

is a daunting and a time consuming process that could take several personnel hours (Bansal, 

2011b). Developing a 4D model almost feels like creating a 3D model from scratch. Thus, the need 

for an SLP model that supports and facilitates 4D modeling and that has visualization capabilities 

is crucial. 

 

2.7.4 Familiar and intuitive environment with no especial knowledge required 

A SLP model should be intuitive and provide a user-friendly environment that does not require 

users to obtain knowledge that is not directly related to their field to be able to operate it and get 
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efficient results. For instance, the most common optimization techniques mentioned in the 

literature are mathematical and heuristic techniques (Elbeltagi and Hegazy, 2001; Elbeltagi, et al., 

2004; Hegazy and Elbeltagi, 1999; Sanad et al, 2008). Each technique has its advantages and 

contribution to solve SLP issues. In general, mathematical techniques are more accurate in 

determining the optimal solution than heuristic techniques, however this high accuracy makes 

them take longer to realize (Kumar and Bansal, 2015). Heuristic techniques seek near-optimum 

solutions but they can be applied to solve larger and more complex problems (Bangert, 2012; 

Farmakis and Chassiakos, 2018). Commonly, the quality of a solution generated by heuristic 

techniques is dependent on factors such as the number of iterations, determining the proper number 

of initial populations, and the defined threshold for the objective function to be reached.  In general, 

due to the different natures of the problem-solving (optimization) techniques, their processing time 

to reach a solution, the quality of the solution, and the success rate of finding an optimal solution 

(especially in the case of heuristic techniques) varies, an extensive experimentation is required to 

determine the proper number of initial populations (solutions) and the number of iterations 

required to realize a close to optimum solution while some parameters are defined by trial and 

error and some factors vary depending on the nature of the problems (Elbeltagiet al, 2005). In order 

to accept the solution produced by a heuristic model, users must set a tolerance margin or have an 

expectation of what is considered to be a sufficient solution (Bangert, 2012). In other words, taking 

genetic algorithms (GAs) as an example for artificial intelligence (AI) heuristic techniques since 

they are the ones mostly mentioned in the literature due to their simplicity, Easa and Hossain 

(2008) said that they are very useful in solving complex nonsmooth site layout problems however, 

as a genetic algorithm does not rely on gradient or derivative information, it cannot determine if a 

given solution is optimal while some heuristic rules are used to determine when the model should 
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stop. This has guided other researchers, such as Ning et al (2016), to develop new methodologies 

with the focus on evaluating and selecting the best site layouts that are generated by optimization 

models. All this requires users to acquire knowledge about the theory (logic) behind the 

optimization technique used and its application to reach the optimal solution before using the 

model, which is not a practice by the AEC practitioners. Also, this can increase the likelihoods of 

practitioners being intimidated and discouraged when using such a model. 

 

2.7.5 User involvement 

The adequate interference and preference of practitioners for the final site layout is almost 

neglected in the literature. This hinders practitioners from accepting the automatically generated 

solutions for the site layout as different practitioners have different preferences and views for the 

site layout that comply with their personal style and experience (Tommelein et al., 1992a). El-din 

et al. (2015) supported this argument by stating that site planners prefer to alter decisions made by 

a computer system, based on their knowledge and experience, and that preventing user interference 

does not allow the utilization of users’ experience and knowledge in designing a site layout, and 

most important, it does not allow their knowledge contribution to the model. This is due to the 

discrepancies between the approaches used by AI models and the practitioners in generating a 

solution for the site layout, which render them as incomprehensible to users who would refuse to 

implement them or to fully accept the solution generated by such models (Sadeghpour et al., 

2004b). In addition, site layout problems, variables, factors, and challenges are numerous and they 

change over time and from one region to another, which makes it difficult to successfully interpret 

them all in a fully automated model. Zolfagharian and Irizarry (2014) claimed that most of the 

models for SLP decision making presented in the literature are ineffective and impractical as they 
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generally include one or a few variables for the optimization process. For efficient and quality 

plans, planner’s experience and know-how is still required (Sugimoto, 2016). Tam et al. (2001) 

said site facility layout is a nondeterministic polynomial problem that is difficult to solve by other 

polynomial algorithms and because of human involvement, there are no conditions that lead 

consistently to the same result therefore, site layout planning is usually an art rather than a science. 

Yeh (1995) stated that in practical applications, the predetermination of the construction cost and 

interactive cost is not easy, and professional experience is necessary. Cheng and O’Connor (1994) 

suggested that the knowledge and experience that the project manager brings to the TF site layout 

is nearly impossible to quantify. Zolfagharian and Irizarry (2014) added that site planning still 

requires human experience and some required variables that are not easily predetermined. Thus, 

enabling planners to queue facilities in accordance to their expertise, intuition, and due 

considerations of applicable site constraints is crucial (Sadegphour 2006), as determining the 

required TFs and their spatial requirements is mainly knowledge dependent (Elbeltagi and Hegazy, 

2001). Tommelein et al. (1992a) argued that it is obvious that the preferences of the person 

responsible for the layout's design will greatly impact the decision-making process, and that one 

person's final layout will be different from someone else's, and they believed that prioritizing 

multiple objectives in site layout planning is a highly subjective and non-trivial task for which no 

agreed-upon method exists. Hence, in light of this, an effective SLP model should allow users to 

apply their knowledge in the design and selection of the required TFs and should aid them 

throughout the process until the optimal site layout is reached instead of making the decisions for 

them, as this will insure the user’s acceptance and satisfaction with the final outcome. 
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2.8 Summary 

This chapter provided an overview of the literature related to site layout planning. The importance 

of SLP to the construction process and the overall cost, time, safety, and the goodwill of the labor 

was discussed. An analysis of the SLP solutions listed in the literature was presented in terms of 

their approaches, geometric representation of the site facilities (temporary and permanent), space 

representation, planning goals and objectives and the temporal approach to the site layout and 

representation. Each of those has different subcategories and methods used towards addressing the 

SLP process and helping to solve the problems associated with it. Even though there are no real 

rules to determine the best practices or approaches that should be implemented in any SLP model, 

the section analyzing the literature on SLP models highlighted some of the approaches that should 

be considered to achieve a more efficient SLP model and to get more accurate results. For site 

objects shape representation, it was found the actual shape approach (including 3D representation) 

is preferable. In terms of temporal representation, the dynamic representation approach should be 

considered. Whereas for selecting the optimization approach, it was found that the concurrent 

approach is recommended. The SLP models presented in the literature have provided vast 

contributions towards solving the problems of SLP nevertheless there are some useful 

functionalities and capabilities that should be considered when developing SLP models to be 

adopted by the AEC industry. These are a familiar and intuitive environment with no especial 

knowledge required, spatiotemporal functionalities and capabilities, site logistics, access roads and 

routes, 4D visualization, and user involvement. As a conclusion, addressing those useful 

functionalities and capabilities is important in order to achieve an efficient and versatile solution 

to the SLP issues, which can facilitate the planning, analysis and other tasks involved in the SLP 

process and help users apply their knowledge throughout in order to reach a desirable outcome. 
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CHAPTER 3 

Literature review 

 BIM, GIS and BIM-GIS integration and applications 

 

3.1 Introduction 

BIM and GIS are powerful platforms widely used in the construction industry due to their various 

individual features and capabilities however each platform lacks important features the other 

platform offers. For instance, GIS provides topological (georeferenced) data, that allows for 3D 

analysis, spatial analysis, and queries such as calculating the distance between two different points, 

calculating and planning routes, logistics planning, and defining the optimal location (Irizarry and 

Karan, 2012; Bansal 2014). BIM, on the other hand, is incapable of such analysis, but it provides 

a detailed database of object-oriented parametric information for the building and represents it in 

a 3D model, a feature that GIS is lacking (El-Mekawy, 2010). In addition, data transition, query 

and analysis between BIM and GIS are further problematic due to interoperability issues between 

both platforms at a semantic level, among other issues (El-Mekawy, 2010). This chapter discusses 

the literature related to BIM, GIS, their similarities and differences; BIM-GIS integration 

applications, the interoperability and integration between BIM and GIS and associated issues.  

 

3.2 Building Information Modeling (BIM) 

BIM is a methodology by which the facility design and information are electronically managed 

throughout the facility’s life cycle (Bryde et al., 2013). This methodology is a result of interacting 
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policies, processes and technology (Succar, 2009). It is considered a revolutionary technology, as 

it helps engineers design virtual models of a digitally constructed building that allows owners to 

visualize the building before it is built (Jrade and Jalaei, 2013). Also, it is a revolutionary process 

that led to a drastic transformation in the approach by which practitioners conceive, design, 

construct and operate facilities (Azhar et al., 2012). Early studies on BIM started in the early 

1970’s but began to grow in the mid 1980’s (Howard and Björk, 2008). BIM can digitally provide 

an owner with almost all the data required about a facility (NBIMS-US, 2016). In the AEC 

industry, the abbreviation BIM indicates parametric 3D CAD technologies and processes (Taylor 

and Bernstein, 2009), but BIM offers more than just a simple visualization of a 3D data-rich model 

of a facility. It supplements the 3-dimensional representation with the addition of a fourth 

dimension (4D), which is time (i.e., scheduling information) (Bryde et al., 2013), and a fifth 

dimension (5D), which is cost (Kraus et al., 2007). The AEC industry’s nature is rather fragmented 

and needs a considerable amount of collaboration, communication, and coordination among the 

different practitioners involved in one project (Alshawi and Faraj, 2002; Deng et al., 2016b; 

Walasek and Barszcz, 2017). Thus, BIM was established to potentially answer some of the 

requirements st by the AEC industry that have stemmed from the industry’s increasing complexity 

and changing nature (Bryde et al., 2013). 

In addition, the terminology BIM can be used with different definitions (Hannon, 2007). As 

illustrated in Figure 3.1, the National Institute for Building Science (NIBS) stated that the term 

BIM can be exploited to denote multiple meanings; 1) a product (building information model); 2) 

an activity (building information modeling); and 3) a system (building information management) 

(NIBS, 2007). 
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Figure 3.1 Different definitions of BIM (NIBS, 2007) 

The Associated General Contractors of America AGC (2006) stated that the Building Information 

Model (a product) is a data-rich, object-oriented, intelligent, and parametric digital representation 

of the facility from which views and data appropriate to various users’ need can be extracted and 

analyzed to generate information that can be used to make decisions and improve the process of 

delivering the facility. The Building Information Modeling process constitutes a single element of 

Building Information Management (a system), also known as big-BIM, which covers wider 

aspects of the construction process including design, construction, site activities, communication 

down the supply chain, and facilitating the construction activities electronically (Davies and Harty, 

2013). According to The US National Building Information Model Standard Project (NBIMS-US) 

Committee, Building Information Modeling (BIM) is a “digital representation of physical and 

functional characteristics of a facility” (NBIMS-US, 2016). It provides a shared knowledge source 

for information about a facility, which aids users in the decision making process, throughout its 

life cycle from earliest conception to demolition (NIBS, 2007). The resulting Building Information 

BIM
definitions

Building Information
Model

A Product

Structured dataset describing a 
building.

Focus on the end product.

Most narrow view.

Building Information 
Modeling

An Activity

The act of creating Building 
Information Model.

Includes the technologies used 
and the processes of specialist 
firms creating the virtual 
model

Building Information 
Management

A System

Business structures of work 
communication widest view
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Model is a data-rich, object-based, intelligent, and parametric digital representation of the facility, 

from which views appropriate to various users’ needs can be extracted and analyzed to generate 

feedback and improvement of the facility design. In general, BIM benefits the different parties 

involved in a project in making the project’s work flow faster and more efficient, making the 

facility design more accurate, lowering the environmental and overall lifecycle cost of projects, 

enhancing productivity, automating assembly, improving customer service, and documenting 

information about a project throughout its life cycle (Azhar et al., 2008; Azhar, 2011).  

Currently, BIM is being leveraged in various applications. Some of the BIM applications are 

design visualization, fabrication/shop drawings, code reviews, 4D construction sequencing and 

scheduling, 5D cost estimating (e.g., quantity take off), clash, interference and collision detection 

(e.g., piping, duct, steel beams, etc.), forensic analysis (e.g., potential failures, leaks, evacuation 

plans, etc.), facility operation and maintenance (Azhar et al., 2008; Azhar, 2011), which is also 

referred to as (7D) in a study by Czmoch and Pekala (2014), supply chain management, site layout 

planning and site utilization, fieldwork and layout (e.g., materials and systems layout), 

constructability review (Campbell, 2007), and sustainability (e.g., energy consumption and 

environment preservation) also can be called 6D (Czmoch and Pekala, 2014). First, BIM got the 

attention of academic researchers and then the AEC industry professionals. Some BIM 

applications in research areas are design and engineering, construction, facilities management, 

sustainable practices in the AEC industry, integrating BIM with analysis tools, sustainability 

throughout the phases of construction and post-construction, energy innovations, Integrated 

Project Delivery (IPD), interoperability, modifications to practice and BIM best practices 

(Becerik-gerber and Kensek, 2010). Azhar et al. (2012) described Integrated Project Delivery 

(IPD) as a novel project delivery approach to integrating people, systems, business structures, and 
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practices into a collaborative process to reduce waste and optimize efficiency through all phases 

of the project life cycle. Despite of the benefits of BIM, some studies, such as (Fischer and Kam, 

2002; Fox and Hietanen, 2007; Taylor and Levitt, 2007; Azhar et al., 2008; Azhar, 2011; Azhar et 

al., 2012; Czmoch and Pekala, 2014; Walasek and Barszcz, 2017), among others, have reported 

challenges and risks of adopting BIM in the AEC industry, which has resulted in a slower useable 

rate than what was expected (Walasek and Barszcz, 2017). Table 3.1 shows  a comparison between 

the most common commercial BIM platforms based on a study by Eastman et al. (2008) and 

Eastman et al. (2011). 

Table 3.1: Common commercial BIM platforms in the market (Eastman et al. 2008 and Eastman et al. 2011) 

BIM tool Autodesk Revit Bentley Vico ArchiCAD 

IFC 

certified 
Yes Yes Yes Yes 

Operating 

system 

Windows and Mac OS 

X (via BootCamp 

plugin) 

Windows Windows 
Windows and Mac 

OS X 

ODBC 

support 
Yes Yes Unknown Yes 

Supported 

interfaces 

DGN, DWG, DWF, 

DXF, SAT, SKP, 

gbXML, AVI, BMP, 

JPG, TGA, TIF and 

API 

DGN, DWG, DFX, 

PDF, STEP, IGES, 

STL, Primavera, 

STAAD, RAM 

DWG, DXF, PDF, 

VRML, JPG, 

Primavera, MS 

Project, Revit, 

ArchiCAD 

DWG, DXF, STEP, 

IGES, STL, VRML, 

STL, SAT, 3DXML, 

IGES, CIS/2, SDNF 

Strengths 

Market leader, user 

friendly, direct link 

interfaces, excellent 

Almost full AEC 

modeling tools, 

support complex 

Best contractor-

oriented tool, first 

real 5-D support, 

Oldest tool, intuitive 

interface, easy to 

use, large 
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object library, multi-

user interface and 

bidirectional drawing 

support 

curved surfaces, 

support developing 

Parametric objects, 

provide scalable 

support 

Direct support for 

Revit, Tekla, 

Primary and 

ArchiCAD®. 

Complete project 

management. 

object libraries, rich 

supporting 

application, only 

strong BIM tools for 

MACs 

Weakness 

Limitations on 

parametric rules 

dealing with angles 

and does 

not support complex 

curved 

surfaces 

Large and non-

integrated user 

interface, 

heterogeneous 

functional modules 

include different 

object behaviors 

Complex package 

of highly 

Specialized 

modules, 

expensive, sharp 

learning curve. 

Limitations on 

parametric 

modeling, not 

supporting 

update rules 

between 

objects and 

scalability issue 

 

In short, a BIM tool enables users to design a facility and visualize its design in a detailed 3D 

model. It also enables collaboration and communication between the different parties involved in 

the project such as: architects, engineers (i.e., civil, mechanical, electrical, etc.), construction and 

project managers, contractors, and financial entities (Bryde et al., 2013) and aids in solving the 

factors that lead to a decrease in productivity and inefficiency (Walasek and Barszcz, 2017). 

 

3.2.1 Industry Foundation Classes (IFC) 

Typically, a construction project is complex and fragmented in nature with multidisciplinary 

involved parties that have led to insufficient communication and performance among them. Almost 

US$16 billion is spent annually due to the lack of interoperability (Isikdag et al., 2008). In 1994, 

the International Alliance for Interoperability (IAI), which changed its name to BuildingSMART 
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in 2008 to better reflect the nature and goals of the organization, established an object-oriented 

open standard called IFC (Cheng et al., 2015; Deng et al., 2016b), which became an ISO publicly 

available standard (ISO 16739) in 2005 (Isikdag and Zlatanova, 2009). IFC is the most renowned 

standard of interoperability used in the AEC industry for exchanging information (Karan and 

Irizarry, 2015) and is implemented by the majority of BIM platforms in the industry (Gröger et al., 

2012). IFC is meant for facilitating interoperability by sharing and reusing data about a facility 

throughout its lifecycle between different parties involved in a project (El-Mekawy et al., 2012b). 

IFC is specified as an EXPRESS data modeling language (Cheng et al., 2013) that is built on the 

ISO 10303 Standard for the Exchange of Product model data or STEP (Borrmann et al., 2014). 

Irizarry et al. (2013) said the IFC is the only public, non-proprietary and well-developed data 

model for buildings and architecture that exists today. In IFC a “Class” is a specification that is 

meant to provide a description for a range of entities that share common characteristics such as 

slabs, columns, walls, etc. (Isikdag et al., 2008). There has been some efforts to extend IFC to the 

geospatial domain as IFC for GIS (IFG), an initiative was carried out by the Norwegian State 

Planning Authority Statens Bygningstekniske Etat, with the purpose of including geographic data 

within the IFC framework (Karan and Irizarry, 2015). Nevertheless, only 60 to 70 classes out of 

the 900 found in the IFC schema can be transformed to GIS (El-Mekawy et al., 2012b). Even 

though IFC has provided a robust solution for BIM integration and interoperability issues, it still 

suffers from some inherit limitations (Azhar et al., 2012). The introduction of the IFC4 version 

provides more support for interoperability with GIS by adding new geographic elements including 

“ifcGeographicElement” and "ifcGeographicElementType” (buildingSMART, 2013). 
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3.3 Autodesk Revit (BIM tool) 

Autodesk Revit is the dominant and most popular Building Information Modeling (BIM) platform 

in North America. In the past, Autodesk Revit software included different software packages for 

multi AEC disciplines such as Revit Architecture, Structure, and MEP. However, since 2013, 

Autodesk combined all the aforementioned tools in one single package.  Autodesk Revit is a BIM 

tool with a database system that helps to design a facility and provides comprehensive drawings, 

multiple viewing options for a facility including plans, sections, elevations, and 3D perspective 

views. The object-oriented database in Revit consists of libraries that contain families, with 

extensive details, for different building components about a facility such as walls, columns, beams, 

ceilings, roofs, floors, doors, windows, stairs, etc. The specifications of the various facility 

components are compatible with the Construction Specification Institutes (CSI) 

MASTERFORMAT and UNIFORMAT.  

In addition, Revit offers multiple import/export options for different industry-related formats 

including IFC. IFC export dialogue provides users with different exporting options for the created 

3D model of a facility.  

Revit has been selected for this research, as a BIM tool, for the following reasons: 

1. Availability: Autodesk Revit is offered by Autodesk to the online Student and Educator 

community for free. 

2. User Interface: Interfaces used in Autodesk Revit are similar to those in AutoCAD, which 

is very convenient for CAD users. 

3. Software Accessibility: Autodesk provides free access for students and faculty to an 

enormous number of tutorials and curriculum, which are hosted online.  
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4. Interoperability: There is a variety of file formats that are supported by Autodesk Revit 

including IFC and CAD import and export. In addition, Autodesk Revit supports ODBC, 

which allows for flexible transition of data. 

5. Extensibility: Autodesk Revit allows the development of third-party plug-ins and 

extensions along with an API guide that is intuitive and thorough. 

 

3.4 Geographic Information System (GIS) 

A geographic information system (GIS) is a system designed to capture, store, manipulate, analyze, 

manage, and present all types of spatial or geographical data. It lets users to visualize, analyze, and 

interpret data, to understand relationships, patterns, and trends. Also, in recent years, GIS has 

benefited many organizations of different sizes in almost every industry (ESRI, 2016d). GIS can 

function as a decision-support system because it encompasses all the required qualities for an 

information system (Liu et al., 2017). Figure 3.2 illustrates the architecture of GIS from an 

information system point of view as presented by Longley et al. (2011). Generally, GIS support 

2D modeling, however 3D GIS (2.5D) has been implemented and utilized in an increased trend in 

recent years. Many studies have described the benefits of utilizing GIS and its potential 

applications in the AEC industry (Sebt et al., 2008; Bansal, 2011a; Bansal, 2015). For instance, 

Bansal (2015) said GIS can provide innovative solutions to AEC practitioners as typical projects 

will encounter different challenges depending on both the location and position. In addition, while 

using information such as site conditions and terrain and material amounts, GIS finds locations 

with a potential fit for storing materials. Bansal (2011b) stated that other factors, such as 

environmental condition, site topography, thermal comfort, and access-route planning that cannot 

be modeled with BIM tools, influence space requirement. Moreover, BIM and 4D CAD lack 
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geospatial analyses such as evaluation of jobsite with respect to flooding (because spaces planned 

earlier would need to be modified accordingly), site drainage planning if a flood occurs, and route 

planning for vehicles carrying consignments from different access routes to the jobsite. GIS 

provides 4D capabilities where the progress of the end product is illustrated, however, not the 

interactions between different resources (Bansal, 2015). Bansal (2014) added that GIS helps in 

route and logistics planning. A comprehensive view for the construction process is crucial for data 

management; BIM tools suffers from poor spatial analysis and in locating objects on larger sites 

(Mignard and Nicolle, 2014). Boyes et al. (2015) claimed that environmental data such as ambient 

temperature and air and noise pollution are commonly available as GIS datasets.  

 

 

 

 

 

 

 

Figure 3.2: Architecture of GIS (Longley et al., 2011) 
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3.4.1 Representing features in GIS 

A geographic information system represents a variety of geographic information with three simple 

types of spatial entities: points, lines, and areas. There are two main methods to model the data 

related to the aforementioned kinds of entities in the digital world: vector data and raster data 

(Bansal and Pal, 2008). 

In Vector Data, the geographic data is represented as points, lines, and polygons, in the following 

format: 

• A point is represented as a single pair of X, Y coordinates. 

• A line is stored as a series of points (vertices) connected by straight segments. 

• A polygon (area) is represented as a closed series of vertices (X, Y coordinate pairs) 

defining the boundaries of an area. 

Vector data is most suitable for representing discrete objects (Kumar and Navaneethakrishnan, 

2012). 

In Raster Data, the spatial variation of an object is represented by a grid (Bansal and Pal, 2008). 

The object is divided into cells or pixels, which are normally square-shaped cells, and each cell is 

referenced by the number of row and column (Longley et al., 2011). Also, each cell is inherently 

allocated a certain single value, which is stored in that cell along with other information such as 

the X, Y coordinates of the upper left corner of the cell and map projection data. In Raster Data 

the geographic data of the entities is presented as follow: 

• A point is represented by a single grid cell. 

• A line: is represented as a number of consecutively adjoining cells. 

• An area: is represented as a cluster of adjacent cells. 



 

62 

 
 

Raster data is most suitable for representing continuous space such as an environmental 

phenomena (Kumar and Navaneethakrishnan, 2012). Both methods have advantages and 

disadvantages as shown in Table 3.2 which is based on the findings of studies done by (Sebt et al., 

2008; Longley et al., 2011). 

 

Table 3.2: Advantages and disadvantages of raster and vector data modelling methods 

Data modelling 

method 
Advantages Disadvantages 

Raster 

• Cost efficient 

• Simplicity 

• Ease of data collection. 

• Fast performance of spatial 

analysis  

• Less representation accuracy 

• Less data variation 

representation 

• Large data size (depending on 

the cell size). 

Vector 

• High precision of data 

representation. 

• Quality of cartographic output. 

• Data storage efficiency 

(depending on the number of 

vertices). 

• Wide variety of cartographic 

analysis, overlay processing 

and map projection. 

• Intensive data processing. 

• Topology update is required 

after data modification. 

• Poor representation for 

continuous fields. 
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In vector data, the features that share a similar representation type (e.g., point, line, etc.) are stored 

within the same geographic database known as a feature class (Longley et al., 2011). 

The selected construction plan’s implementation dictates the method of data modeling (vector or 

raster) however, differences between both methods are becoming more narrowed in light of the 

advancement of new technologies (Sebt et al., 2008). 

The previous feature representation discussed 2D modeling however, GIS provides the capability 

of representing 3D models such as 3D surfaces (e.g., Triangulated Irregular Network or TIN and 

Digital Elevation Models or DEM) and 3D features (e.g., multipatches), which can be used for 

modeling terrain and topography and to represent pipelines, buildings, etc. 63espectively. TIN is 

actually considered 2.5D as it does not contain various height attributes at the same X, Y position, 

as 3D representation usually does. It represents surfaces as contiguous non-overlapping triangular 

features and is created from a collection of points containing X, Y, and Z attributes (Longley et 

al., 2011). Moreover, grid surfaces (e.g., DEM) are in fact a sort of raster dataset containing Z 

values in each cell at certain positions. In GIS, both TIN and Grid surfaces are mainly used to 

model terrain and topography. 

 

3.4.2 Spatial analysis 

In GIS, spatial relationships exist between different feature classes (layers). These relationships 

can be validated via nine Boolean operators, based on ISO and OGC standards, in order to identify 

the spatial relationship between two or more different layers where each layer has at least one 

object. A study by Longley et al. (2011) listed these nine validation processes as shown in Table 

3.3. 
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Table 3.3: Validation processes of spatial relationships 

Validation method Description 

Equals Are geometries the same? 

Disjoint Is there a common point between geometries? 

Intersects Do geometries intersect? 

Touches Do geometries intersect at their boundaries?  

Crosses 
Is there an overlap between geometries? (type of geometry could 

differ, for instance lines and areas). 

Within Is one geometry partialy inside another? 

Contains Is one geometry completely inside another? 

Overlaps 
Is there an overlap between geometries? (must be same type of 

geometry). 

Relate 
Are there intersections between the interior, boundary, or exterior of 

the geometries? 

 

The main core and most crucial part of GIS is its spatial analysis as it involves all the required 

processes (i.e., transformation, manipulation, and procedures) in order to provide value to the 

geographic data by turning it into valuable information for the decision-making process and make 

clear information that is otherwise implicit, such as patterns and anomalies (Longley et al., 2011). 

According to ESRI (2017a), spatial analysis is the process of examining the locations, attributes, 

and relationships of features in spatial data through overlay and other analytical techniques in order 

to address a question or gain useful knowledge; spatial analysis extracts or creates new information 

from spatial data. Spatial analysis is performed and achieved through a set of tasks and procedures 
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performed on geographic data. ESRI (2017c) stated that by using spatial analysis, one can combine 

information from many independent sources and derive a new set of information (results) by 

applying a large, rich, and sophisticated set of spatial operators. AllThose spatial operations are all 

part of the suite of geoprocessing tools. ESRI (2016a) Provided a list of the most common spatial 

operations used for spatial analysis process, which include overlay and neighboring, surfaces, 

spatial and non-spatial statistics, table management, and selection and extraction. 

• Overlay analyses (e.g., Intersect and Union) are meant to identify the layer that is on top 

of another, for instance, to identify the roads running on certain lands. 

• Proximity analyses (e.g., Buffer and Near) are used to identify the objects that fall within 

a certain distance and to measure the closest distance between two objects. The result of 

the Buffer operation is a polygon based on the queried distance, while the Near operation 

adds values distance the measurement into the input features. 

• Surface analysis entails different types of operations. This involves obtaining new surfaces 

from existing surfaces, reclassifying surfaces and merging surfaces such as TIN (ESRI, 

2017a). 

• Spatial and non-spatial statistics are used to examine the distribution of values for a 

particular attribute (e.g., ethnicity distribution) or to spot outliers (extreme high or low 

values). Examples of data from non-spatial statistical tools include minimum, maximum, 

sum, frequency, mean, and standard deviation of particular attribute (e.g., population size). 

• Table management is crucial to spatial analysis since all the information related to objects 

is kept in easy-to-access tables so that most processes and operations have direct access to 

the data in those tables (i.e., establishing relationships among tables, creating features, 

creating fields etc.). 
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• Selection and extraction normally include narrowing down the data from a vaster and more 

complex collection of data based on certain criteria. This includes operations such as 

selection based on location, selection by attributes and clipping. In case of selection by 

location, the input layer is evaluated based on its locational relationship to the target layer 

and when the selection criteria are met, the target features are selected. While in selection 

by attributes, instances are selected in a layer/table based on the attribute queries. 

In this study, only the most common spatial analysis operations and tools, which serve the purpose 

of this study, are discussed. 

 

3.5 ArcGIS Desktop (GIS tool) 

The Environmental Systems Research Institute (ESRI) ArcGIS platform offers a wide variety of 

products and services. One of ESRI’s products is the “ArcGIS Desktop” package, which includes 

ArcMap (provides 2D modeling and analytics), ArcScene (provides 2D modeling and analytics), 

ArcCatalogue (provides data management functionalities). In addition, ArcGIS Desktop provides 

a tool for translating numerous data formats (developed by Safe Software’s FME). This “Data 

Interoperability extension” can read and write more than 70 file formats such as GML, XML, 

Autodesk DWG/DXFe, MicroStation Design DGN, MapInfo NID/MIF and TAB, Oracle Spatial, 

Intergraph GeoMedia Warehouse. It also has the ability to import multiple popular 3D model 

formats including SketchUp (.skp), 3D Studio (.3ds), OpenFlight (.flt), and VRML (.wrl) (Bansal, 

2011a); BIM (.ifc) and Revit (.rvz) file formats are also supported by the Data Interoperability 

extension of ArcGIS (ESRI, 2013). In this study, ArcGIS Desktop 10.2.2 will be used to develop 

the proposed model. It supports a variety of programming languages such as .NET, Python, and 

ArcObjects, for developing APIs and custom plug-ins. There are multiple scripting languages 
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however, ESRI uses Python as its preferred scripting language because of its power and wide 

acceptance (ESRI, 2017d). According to EDN (2016), ESRI Developers Network, ArcObjects is 

a set of platform-independent software components, written in C++, that provides services to 

support geographic information system (GIS) applications on the desktop in the form of thick and 

thin clients and on the server. In addition, ArcGIS offers Geoprocessing tools that provide a large 

suite of tools for performing GIS tasks that range from simple buffers and polygon overlays to 

complex regression analysis and image classification (ESRI, 2017c).  

 

ArcGIS has been selected for this study, as a GIS tool, for the following reasons: 

1. Availability: ArcGIS is offered by ESRI around the globe for the community of 

educational institutes’ active members (Students and Educators) for free. 

2. User Interface: ESRI ArcGIS desktop has a user friendly and a very familiar UI for users 

in the AEC industry, which is very convenient and does not intimidate practitioners.  

3. Software Accessibility: ESRI provides free access to students and faculty teaching 

members and hosts an enormous amount of ArcGIS tutorials and curriculum online.  

4. Interoperability: ArcGIS supports various file formats conversion including IFC read and 

write along with ODBC support that allows for flexible extraction of data.  

5. Extensibility: ArcGIS allows the development of third-party plug-ins and extensions, 

which will serve this study, along with an API guide that is intuitive and thorough. 

  

3.5.1 Types of Geoprocessing tools 

ESRI uses the term Geoprocessing to refer to a package of tools used to perform spatial analysis. 

These include the spatial operations (e.g., overlay, neighboring, surface, selection and extraction, 



 

68 

 
 

etc.) as shown in Table 3.4, which is adopted from ESRI (2016b). It lists the kind of tools available 

for geoprocessing. 

Table 3.4: Categories of Geoprocessing tools (ESRI, 2016b) 

Tool’s type Description 

Built-in 

tool. 

These tools are built using ArcObjects and a compiled programming language 

like .NET. 

Model tool. These tools are created using ModelBuilder. 

Script tool 
These tools are created using the Script tool wizard and run a script file on disk, 

such as a Python file (.py), AML file (.aml), or executable (.exe or .bat). 

Specialized 

tool. 

These tools are rare—they are built by system developers and have their own 

unique user interface for using the tool. The ArcGIS Data Interoperability 

extension contains specialized tools. 

 

A combination of tool’s types (namely, built-in tools, Model tools, and specialized tools) will be 

used in the methodology to develop the proposed BIM-GIS model. 

 

3.5.2 Database management systems (DBMS) and Geodatabase 

The Database management system (DBMS) is an integral part of GIS. Primarily, there are three 

types of DBMS that are normally used with GIS: 1) the Relational Database Management System 

(RDBMS), which is considered useful and flexible and therefore widely implemented due to its 

simple structure; 2) the Object Database Management System (ODBMS), which was developed to 

overcome limitations in RDBMS such as the inability to store geographic information, poor query 

performance regarding various types of geographic information, and issues with providing 
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extensions to support geographic data types and processing functionalities; and 3) the Object-

Relational Database Management System (ORDBMS), which is considered a hybrid data structure 

developed by RDBMS vendors to add the essential capabilities and functionalities of ODBMS 

when dealing with objects such as functional information (e.g., interpolation algorithms, drawing 

instructions, and query interfaces) and descriptive attributes (e.g., size and color) for an object 

(Longley et al., 2011). The elements that distinguish spatial information from other kinds of 

information are geographic locations, functional semantics, spatial relationships (e.g., 

topography), and time-based connections. Moreover, GIS allows for systematically retrieving, 

storing, analyzing, and presenting (spatial and non-spatial) information from multiple data sources 

(Sebt et al., 2008). An example ORDBMS is the geodatabase (GDB) implemented in ESRI 

ArcGIS. GDB is the common data storage and management framework for ArcGIS and has been 

the primary data model for ArcGIS since version 8.0. It functions as a container for spatial and 

attribute data. The term consists of two parts: 1) geo (denoting spatial), and 2), database 

(specifically, a relational database management system or RDBMS). Also, it allows for flexible 

access and management via uniformly depositing all GIS information in a central place (ESRI, 

2009a). ESRI (2016c) considered GDB as a collection of geographic datasets of various types held 

in a common file system folder, a Microsoft Access database, or a multiuser relational DBMS 

(such as Oracle, Microsoft SQL Server, PostgreSQL, Informix, or IBM DB2). Also, geodatabases 

come in many sizes that can scale from small, single-user databases built on files, up to larger 

workgroup, department, and enterprise geodatabases accessed by many users. In addition, 

attributes regarding each instance in a feature class are stored in a feature table (specific for that 

feature class or layer) where every single row represents a unique object with a unique ID and all 

information regarding that particular object is stored in the columns of the same row (Longley et 
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al., 2011). Vector data are saved, in the form of feature classes within the geodatabase. It is possible 

to combine multiple feature classes and put them in a feature dataset. On the other hand, in raster 

data, every single raster image is kept as a layer in a raster dataset. A group of raster layers could 

be combined in a raster catalog or a raster mosaic (providing they are adjacent to each other) (ESRI, 

2009a). 

 

3.5.3 ModelBuilder 

ESRI (2017d) described ModelBuilder as an application used to create, edit, and manage models, 

where those models’ workflows string together into sequences of geoprocessing tools, feeding the 

output of one tool into another tool as input. ModelBuilder could be looked at as a graphical 

programming language for constructing and automating workflows. The following are some 

benefits of ModelBuilder; 

• User-friendly application for building and running workflows containing a sequence of 

tools. 

• Building customized tools that can be used in Python scripting and other models. 

• Facilitating the integration of ArcGIS with other applications in addition to scripting. 

Thus, ModelBuilder is basically an application that can help users automate sequences of multiple 

geoprocessing tasks by developing their own tool (model). Accordingly, tedious repetitive tasks 

will be done easier and faster. It is user-friendly and an easy-to-learn application. 

 

3.5.4 Time Slider 

Time Slider, in ArcGIS, is a tool that allows users to visualize the chronological sequence and 

progress for the time-enabled layers. The user can set the time interval for each layer and specify 
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whether to visualize the objects in one layer in a cumulative manner or in time-based order. Also, 

for each layer, the user can specify if the objects have a single time field (i.e., just a start time) or 

two time fields (i.e., start and finish time). Also, Time Slider has features such as exporting the 

visualized data as video. 

 

3.5.5 Network analyst 

ESRI (2009b) claimed that ArcGIS Network Analyst provides network-based spatial analysis tools 

for solving complex routing problems and that a network is a system of interconnected elements, 

such as edges (lines) and connecting junctions (points) that represent possible routes from one 

location to another. It adds that Network Analyst can provide answers to various routing and 

transportation questions such as “what is the shortest route between two points?”. Also, a network 

dataset (transportation network) is capable of modeling a single mode of transportation, like roads, 

or a multimodal network made up of several transportation modes like roads, railroads, and 

waterways. 

 
3.6 Applications of BIM-GIS integration in the AEC industry 

In recent years, integrating BIM and GIS has gotten the attention of both professionals and 

researchers. Even though, studies related to the integration of BIM and GIS in the different AEC 

fields have been few, it has been increasing in the past few years (Ma and Ren, 2017). In the 

literature, different topics pointed out to the application of BIM-GIS integration where it was 

showen that this integration can contribute towards solving the related issues including site layout 

planning. Those include: site layout planning and site selection, safety, asset management, location 

based services and navigation, urban environment analysis, 3D cadastre (Liu et al., 2017), and 

heritage (Li et al., 2017). 
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3.6.1  Site Layout Planning and site selection 

In planning the construction of a facility, the location and site on which it is being constructed 

should not be neglected. This is where BIM-GIS integration becomes important, where BIM can 

provide a detailed virtual 3D model that could facilitate the decision making and analysis process 

for the practitioners (Li et al., 2009). On the other hand, GIS provides users with spatial analytical 

and assessment capabilities (Sebt et al., 2008). Karan and Irizarry (2015) claimed that many of the 

preconstruction activities (e.g., site layout planning) do not fully take advantage of the benefits 

that BIM provides to the design and construction practice, primarily because of the diversity of 

spatial relationships between topographic and temporary objects in a BIM environment, and since 

BIM authoring tools do not support the geospatial analysis needed in the process of locating 

temporary facilitates, GIS can be leveraged throughout the preconstruction phase of a project. For 

instance, GIS can be used to detect the conflict in material layout and to evaluate the accessibility 

onsite (Su et al., 2012). A study by Bansal (2018) demonstrated the benefits of using GIS in 

construction planning. The study showed the capabilities of GIS in helping users to identify 

potential conflicts in the construction plan; to schedule the activities in the construction plan; to 

simulate the construction process in 4D; to identify drainage areas on a construction site; and to 

estimate the quantities of cut and fill for excavation and backfilling. Likewise, a study by Kumar 

and Bansal (2019) explored the use of GIS to identify suitable and safe locations on construction 

sites to place TFs in a consecutive manner while considering topology and zones, however the 

study does not recognize the spatial relationships and constraints, such as minimum distance or 

within a distance, between the different TFs involved in the construction process.  Irizarry and 

Karan (2012) used BIM-GIS integration to optimize the numbers and locations of tower cranes 

based on cranes positions and the distribution of supply and demand points on construction site. 
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Isikdag et al. (2008) suggested a BIM-GIS model for the support of site selection and fire response 

management processes. Bansal (2011b) developed and implemented an integrated model that 

includes GIS and 4D modeling, which enables space planning, time-space conflict identification, 

and conflict resolution prior to the construction. He leveraged GIS functionalities to model 

topology and to conduct geospatial analysis on site. He also used BIM features to link the 3D 

model with an execution schedule to enable users to identify time-space conflicts. Alsaggaf and 

Jrade (2017) presented a framework for an SLP model based on BIM-GIS integration and 

discussed the potential of the model in solving issues related to the site layout planning. 

 

3.6.2  Safety 

BIM and GIS integration allows for more comprehensive view of safety in construction (Zhou et 

al., 2012). A comprehensive view for the construction site and relation to the surrounding 

environment allows for more efficient environmental risk analysis — GIS is beneficial in this 

process (Elbeltagi et al., 2004).  Bansal (2011a) highlighted two shortcomings of BIM in 

construction simulation and identifying hazards: 1) lack of topological modeling, and 2) geospatial 

analysis. Moreover, he proved that by combining the safety database with a navigable 3D model 

and topology modeling, the user would be able to visualize and identify hazards during the 

construction sequence and retrieve information required for making the right decisions on the 

issues at hand. BIM can provide information about the facility from the design stage that can 

contribute in identifying the potential hazards (Zhang and Hu, 2011). A BIM-GIS model was 

presented in a study by Isikdag et al. (2008), which showed that it could manage the process of 

fire response by considering functional data such as floor plans and stories and geometric data. In 

a similar effort, Tashakkori et al. (2015)  presented an Indoor Emergency Spatial Model (IESM) 
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that combines BIM and GIS to facilitate indoor navigation by enhancing the travel time and 

decision-making process for first responders in case of a disaster. Moreover, BIM-GIS integration 

is leveraged to analyze the safety of routes, provide a clear depiction of neighborhood walkability 

for an elementary school and evaluate the outdoor walking environment in the U.S. (Kim et al., 

2016). In addition, combining surface and sub-surface information would make clear the risk 

management for surface and sub-surface facilities, plus facilitating the planning and design 

processes (Hack, 2010). Thus, a framework presented in a study by Tegtmeier et al. (2014) showed 

that integrating BIM and geospatial models helps to model the surface and sub-surface facilities 

(e.g., buildings and geology). 

 

3.6.3  Asset Management 

Normally, asset management involves certain types of processes related to operation, maintenance, 

and renovation. A comprehensive asset management system is beneficial for the process of making 

well-informed asset deployment decisions (Lemer, 1998). Zhang et al. (2009) identified the 

benefits of BIM-GIS integration in large scale asset management and highlighted that more 

integration between the two contexts should be encouraged. Park et al. (2014) developed a BIM-

GIS-based system for the best route selection of national roads, which can be applicable to the 

preliminary feasibility study and alternative route analysis as well. That system took into 

consideration land acquisition cost, construction cost, and operations and maintenance. Irizarry, et 

al. (2013) developed a BIM-GIS integrated model to improve the visual monitoring of construction 

supply chain management, as sustainable chain management is key for the process of asset 

management work order. Elbeltagi and Dawood (2011) introduced a BIM-GIS-based visualization 

system to facilitate tracking and monitoring repetitive construction progress for evaluating and 
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visualizing construction performance with respect to time. Liu and Issa (2012) emphasized the 

importance of 3D visualization for pipeline maintenance and how it overcomes the shortfalls of 

2D illustration, which enhance facilities management. Borrmann (2010) developed a spatial query 

language for 3D building models on BIM, using tools and concepts from GIS. The query language 

is meant to enable inquiries about walls located in a certain storey, whether a certain room is 

equipped with heating system tools, determining the columns that intersect with a certain slab, 

defining the fire extinguishers positioned within a given distance from a certain building 

component such as a window or a column, etc. 

 

3.6.4  Location based services (LBS) and navigation 

Ryschka et al. (2016) described Location Based Services as services that depend on and are 

enhanced by the positional information of the mobile device. It could be either user-requested or 

triggered, depending on the type of service or application (Roza and Bilchev, 2003). Navigating 

to a target facility dynamically and in a timely fashion on a GIS platform has been made possible 

with modern-day technologies, including architectural and engineering information such as floor 

plans and utilities (e.g., water and electricity supply) would lead to more effective decisions  

(Lapierre and Cote, 2008). BIM could provide this information, thus, the conventional two-

dimensional (2D) LBS could evolve into three-dimensions (3D) by integrating it with BIM as it 

provides geometric and semantic information for the building interior (Y. Li, 2012). A smart 

indoor solution by Shayeganfar et al. (2008) integrates BIM with the environment and user’s 

constraints through Semantic Web Technologies in order to facilitate indoor navigation in a timely 

manner for users and to ease the maintenance and management for administrators. Some studies 

on indoor navigation systems are more focused on tool development for combining BIM and GIS 
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for indoor space (Hwang et al., 2012; Zverovich et al., 2016). In addition, increasing the accuracy 

and timely indoor positioning could improve the navigation environment of indoor space, which 

could be achieved by implementing Radio Frequency Identification (RFID) or indoor wireless 

network technologies (Truijens et al., 2014), and detailed representation of a facility, as in 

IndoorGML, which was discussed by Hwang et al. (2012) and Li et al. (2014). Moreover, there 

are various implementations that could leverage unifying BIM and LBS such as indoor pedestrian 

traffic (Lee et al., 2008), road monitoring and reporting (Chang et al., 2012), and construction 

activity tracking (Shahi et al., 2013). 

 

3.6.5 3D Cadastre 

Applying the integration of BIM and GIS into the 3D cadastre field became of significance. 

Cadastre is represented as a two-dimensional boundary coupled with associated descriptive 

information and related legal and property data (Frédéricque et al., 2011). According to 

Frédéricque et al. (2011), inaccuracy and complexity are likely to happen in the traditional practice, 

specifically when superstructure and infrastructure building components are taken into 

consideration. Implementing BIM can be useful as it provides extensive information about 

facilities nevertheless, data could be simplified for the purpose of 3D cadastre. BIM lacks some 

data such as ownership and transaction history that are required for cadastre (Shojaei et al., 2014), 

which led researchers such as Frédéricque et al. (2011) and Aien et al. (2013) to work on BIM and 

GIS interoperability to reach a unified 3D model. However, besides the technical issues associated 

with the development of 3D cadastre, there are legal and organizational issues involved (Aien et 

al., 2013; Aien et al., 2015). 
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3.6.6 Other BIM-GIS applications 

Presently, efforts are toward the process of capturing, documenting, and managing of architectural 

heritage data that are getting easier in the light of new techniques, (Fai et al., 2011; Saygi and 

Remondino, 2013; Li et al., 2017). Usually, this procedure involves radiometric, geometric, spatial 

and multi-temporal information. The design condition of a facility varies from as-built and as-used 

conditions. One of the benefits of BIM is the ability to reflect such variations in the 3D model 

(Huber et al., 2011). In general, segmentation, structuring the hierarchical relationships and 

semantic enrichment are three fundamentals to improve the 3D data management of historic 

buildings (Saygi and Remondino, 2013). The aforementioned fundamentals are implemented for 

producing an as-built BIM (Hichri et al., 2013). Dore and Murphy (2012) mapped the information 

captured by laser scanning or photogrammetric survey into parametric features representing the 

architectural components, whereas the GIS environment was used to model the environmental data 

(e.g., street view, transportation, and cadastral data) to be integrated with the three-dimensional 

model. Data-rich 3D features were implemented in a GIS platform in both studies conducted by 

SanJosé-Alonso et al. (2009) and Centofanti et al. (2011). Yang et al. (2012) introduced a GIS-

based system for safety monitoring aiming towards managing the cultural heritage in a historic 

street in Taiwan; the 3D data of which was represented by laser scanning technology. El Meouche, 

et al. (2013) investigated multiple approaches to integrate BIM and GIS but did not propose a 

model or a solution to a particular construction related problem.  
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3.7 Differences and incompatibilities between BIM and GIS 

Both BIM and GIS are powerful platforms widely used in the AEC industry due to their various 

individual features and capabilities (Al-saggaf and Jrade, 2015). BIM and GIS may share some 

similar qualities, as both enable users to make more informed decisions based on the data that is 

presented digitally to them, nevertheless they also have some differences. For instance, they are 

developed for completely different purposes, where BIM is meant to serve AEC industry 

requirements, whereas GIS is meant to provide mapping (geometrical and functional) information 

regarding geographic features such as land zones, parcels, rivers, topography, etc. GIS provides 

topological (georeferenced) data, which allows for 3D analysis, spatial analysis, and queries, such 

as calculating the distance and routes between two different points and defining the optimal 

location (Irizarry and Karan, 2012). BIM, on the other hand, is incapable of such analysis, 

however, it provides a detailed database of object-oriented parametric information for the building 

and represents it in a 3D model, a feature that GIS is lacking (El-Mekawy, 2010). Table 3.5 

provides an illustration for the differences and incompatibilities between BIM and GIS based on 

the findings of studies done by Isikdag et al. (2008); El-Mekawy (2010); and Cheng et al. (2013). 
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Table 3.5: Differences between BIM & GIS 

Element BIM GIS 

Modeling 

Objective/Purpose 

AEC modeling (Building 

components) 

Geographic mapping 

(surrounding environment). 

Geometry Representation 

BRep, CSG, Swipt Solid 

(Cheng et al., 2013) (Isikdag 

et al., 2008). 

BRep 

Coordinate System 
Local Coordinate System 

(Cheng et al., 2013) 
Universal Coordinate System 

Representation/modeling 

scope 

Object-oriented, detailed 

information on building 

components. 

Generally, used for new non-

existing buildings. 

Generally, simple geographic 

representation for existing 

features (i.e., rivers, 

buildings, etc.) 

Modeling capabilities 

Advance modeling 

capabilities with complex 

parametric shapes (including 

2D & 3D). 

Simple CAD-like drafting 

capabilities (mostly 2.5D 

with fixed height) 

 

 

Figure 3.3 illustrates one of the big differences between BIM and GIS and that is the scope of 

representation of both domains. GIS is mainly concerned with representing what we can call the 

“macro world” starting from representing the world on top and goes all the way down to 

representing a piece of land. BIM, on the other hand, is mainly concerned with representing what 

we can call the “micro world” starting from representing the facility on top and goes all the way 
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down to a single building component. Accordingly, it is apparent how integrating both domains 

will provide a more comprehensive environment for users and a broader scope of representation 

for physical and functional information than using each domain individually. 

Figure 3.3: Scope of information representation for BIM, GIS and BIM-GIS integration 

The demand to integrate both domains has grown in recent years. This could be achieved through 

more openness and collaborative efforts between BIM and GIS professionals. Based on previous 

experience, openness and collaboration result from; 1) demand-driven developments (e.g., 

development of a smart city) (Månsson, 2015); 2) more communication (Liu and Issa 2012); 3) 

government initiatives  (Saygi and Remondino, 2013). 
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3.8 Approaches of integration and interoperability between BIM and GIS 

BIM and GIS are two different domains that are made for different purposes. This has led  

researchers, (El-Mekawy., 2010; Berlo and laat., 2011; Borrmann., 2010; Karan and Irizarry., 

2015; Karan et al., 2015) among others, to work on the integration and interoperability issues 

between BIM and GIS and on bridging the gaps between both domains to achieve an easier and 

more efficient communication and data transfer between the two. “Interoperability is the ability to 

exchange data between applications to facilitate automation and avoidance of data re-entry” 

(Azhar et al., 2012). There are numerous ways to categorize the previous approaches in the 

literature used on integrating BIM and GIS, such as the semantic or geometric level, unidirectional 

or bidirectional approaches, and commercial or open source platforms (Liu et al., 2017). In order 

to review the previous approaches applied on the integration of BIM and GIS, this study will use 

a classification that was first introduced by Amirebrahimi et al. (2015a) and then adopted and 

extended by Liu et al. (2017), which categorizes the previous work into three main groups: data 1) 

level; 2) process level; and 3) application level of integrations. This study will follow the taxonomy 

of Liu et al. (2017) 

 

3.8.1  Data Level integration between BIM and GIS 

Typically, this level of integration consists of new standards being developed, modification of 

standards that were previously developed, or translation or conversion of data formats. 

3.8.1.1  New Standards and Models 

Developing new standards eliminates the barriers between both BIM and GIS environments, which 

enable for a revolutionary and seamless integration between both domains, but these developments 

can only solve the integration issues from a certain angle, such as building infrastructure and indoor 
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space. This is because developing new standards and models is very expensive in terms of both 

time and money, which makes it very hard for one standard to include all the aspects in a region. 

Moreover, the loss of information during the development of new standards is inevitable, even 

more when the new standard and models aim towards a comprehensive representation to 

everything in a region. However, initiatives that tend to be more focused in nature are less likely 

to suffer from loss of information and are more flexible and labor-cost-efficient. Examples of new 

standards and models include: InfraGML (OGC, 2014); IndoorGML (Li et al., 2014); The Unified 

Building Model (UBM) (El-Mekawy et al., 2012a; El-Mekawy et al., 2012b); and QUASY 

(Quartierdaten-Managementsystem) (Benner et al., 2005).  

3.8.1.2 Extension of Existing Standards, translation, and conversion (ETC) 

Linking both the BIM and GIS domains is very crucial to the AEC industry and to other fields as 

well. Accordingly, many projects have been presented to either convert, translate, or extend one 

domain to the other; nevertheless, a fully automated conversion process does not exist. This 

integration has been looked at as a means to realize a comprehensive range of 3D modeling 

modules at a variety of levels of detail (El-Mekawy., 2010). With this objective in mind, many 

research projects have been made where the focus was mainly on the conversion of geometry 

(Nagel et al., 2009; Isikdag and Zlatanova., 2009; Hijazi et al., 2009; Berlo and laat., 2011), which 

is, in general, implemented between IFC and CityGML to a lesser level of detail (LODs) (Berlo 

and de Laat, 2011). A point of interest to another group of studies was the semantics and mapping 

between the IFC and CityGML data structures (Cheng et al., 2013; Borrmann et al., 2014; Cheng 

et al., 2015). Some discussed the potential of transforming some feature classes between BIM (e.g., 

IFC) and GIS (e.g., CityGML) along with an explanation for the similarities and differences 

between both domains (El-Mekawy et al., 2012b). However, loss of information (e.g., semantics 
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and/or geometry) in the process is almost inevitable, which is one of the drawbacks associated 

with the translation/conversion between IFC and GIS (Zlatanova et al., 2013); especially when we 

know that this could be true when converting information from one system to another due to the 

differences in the geometric, semantic, and topological properties between the different systems 

(Zlatanova and Beetz, 2012). Also, a change in the original meaning of the attributes of the 

successfully converted/translated semantics would occur (Kang and Hong, 2015). Moreover, it is 

challenging to translate geometric data from IFC to GIS (Cheng et al., 2013). In addition, 

converting data (e.g., geometry and semantics) can be even more troublesome, especially from 

GIS to BIM (Mignard and Nicolle, 2014). This can be enhanced by providing a stricter standard 

(as opposed to the generic nature of CityGML) and describing the boundary surface type in 

CityGML and the “IfcSpace” in IFC more sufficiently (Donkers, 2013; Donkers et al., 2016). 

 

Another methodology of BIM-GIS data translation/conversion is known as the Extract, Transform, 

and Load (ETL) process. Kang and Hong (2013) said that ETL is a technology that extracts, 

transforms, and loads information from a variety of data sources and has been used for OLAP 

(Online Analytical Processing) function implementation via data mining in the engineering arena 

to present perspective-oriented information. It extracts the information from the originating 

systems, transforms it into an appropriate format, and loads it into a data depository. Typically, 

the geometry data of the BIM components is first processed by ETL prior to being modeled in the 

integrated model to enhance the loading time (Kang and Hong, 2013). A thorough illustration of 

ETL for integrating BIM and GIS is presented in a study by Rafiee et al. (2014) and it was also 

discussed with a refined and further specified software architecture by Kang and Hong (2015). In 

the study, the geometry data is converted first from an IFC data structure to a GIS data structure, 
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and then a common identifier (e.g., Global ID), which will be used to automate the association 

process of semantic information between the features in the original data and its corresponding 

converted ones, is assigned to each corresponding converted features (Rafiee et al., 2014). There 

are few examples of popular tools for BIM-GIS data transformation that implement spatial ETL 

to integrate various sources of data. The Oracle Spatial with spatial ETL by Oracle Spatial, by 

Oracle implements ETL (Lutz, 2009) is one of example. Also, the Feature Manipulation Engine 

(FME), one of the globally renowned integration and interoperability software packages, 

implements ETL and provides a bidirectional data translation tool (Safe Software, 2017). In 

addition, the extension to the ArcMap named “ArcGIS Data Interoperability” by ESRI is a 

successful and well-known tool for data conversion between BIM and GIS (ESRI, 2013). 

Therefore, the ESRI “Data Interoperability function” will be used in the proposed BIM-GIS model 

for site layout planning presented in this study for transforming the IFC data from BIM (Autodesk 

Revit) to GIS (ESRI ArcMap). ETL can provide a reliable geometry and semantic conversion 

between BIM and GIS in theory however, user experience and background knowledge about the 

two domains is a prerequisite (regarding the semantic translation part in particular). Moreover, IFC 

requires further steps such as the LocalCoordinateSystemSetter function in FME to determine the 

correct position of the IFC model. In general, some of the reasons are: 1) It supports a local 

coordinate system and not the real-world coordinate system; 2) It does not store the locational 

information for the model. Even though ETL is considered flexible, as it provides a complete and 

customized conversion process, the mapping method of the model is still deemed expensive (time 

and cost wise), while the effort of mapping associated with it is more efficient than what is required 

at a deeper standard level. In general, platforms that apply ETL are good for sizable information 

translation processes that include large quantities of data. Still, inaccuracies are inevitable for the 



 

85 

 
 

two main reasons: 1) incompatible nature of both domains (BIM and GIS); and 2) human errors, 

especially at the early stage of mapping and translation. For instance, it is hard for ETL to 

completely transform contiguous space boundaries in IFC where some manual tweaking is needed 

to convert it (Boyes et al., 2015). 

 

3.8.2  The integration at the process level between BIM and GIS 

At this level of integration, the source data structure and format in both BIM and GIS are preserved 

while, at the same time, both domains remain live and distinctly participate in the operations that 

require functions of both (Amirebrahimi et al., 2015). 

3.8.2.1  SemanticWeb Technologies 

BIM and GIS are conceptually different when it comes to the way they process and represent data. 

For instance, BIM features are more descriptive and data rich than GIS features. Reference 

ontology, in a sense, is a new category of ontologies that is meant to increase the homogenity of 

ontologies about a domain, and to facilitate the sharing and reusing of data. It is built by extending 

or specializing high-level ontologies that take a comprehensive view of several domains 

(Zemmouchi-Ghomari and Ghomari, 2009). Some studies such as (Kang and Hong, 2015) among 

others, suggested reference ontology, as part of semantic web technology, as a solution to achieve 

a smooth and effcient integration that could bridge the gap between the two domains, as it could 

store and express dissimilarities. The main purpose of the semantic web is to provide the effective 

distribution of information to the largest spectrum of users possible, and to make it accessible to 

both people and specific software (Horrocks, 2008). All previous characteristics show that the 

semantic web is capable of integrating data from heterogeneous data sources. Some studies that 
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used this method include: Deng et al. (2016b); Beetz (2014); BuildingSMART (2017); Karan et 

al. (2015); Mignard and Nicolle (2014); and (Vanlande et al., 2008). 

3.8.2.2  Services-Based Methods 

In this method of the integration at the process level, a Service Oriented Architecture (SOA) is 

normally implemented, which enables harvesting both BIM and GIS to concurrently contribute 

towards solving an issue, while retaining the original data format and structure of both 

environments (Amirebrahimi et al., 2015). Some studies that used this method include: the 

initiative known as “OWS-4” (OGC, 2007);  and (Lapierre and Cote, 2008) where CityGML, 

WFS, and a 3D viewer were incorporated to manage city information. Generally, the service-based 

methodology can efficiently convert data (geometric and thematic) with fewer data loss can result. 

Nevertheless, due to its technical downsides, the flexibility and extensibility of this methodology 

is generally low (Kang and Hong, 2015). In addition, it has low productivity due to user 

involvement in the data integration process. Also, it requires specialized solving techniques when 

issues arise. 

 

3.8.3  Application Level of integration between BIM and GIS 

No service or ontology is established at this level and both the source data and object data are 

preserved, as this kind of integration is mainly meant to support a one-purpose usage. A 

demonstration of this type of integration is found in a study by Al-saggaf and Jrade (2015) where 

information regarding potential waste generated on site was estimated separately in BIM and GIS 

and then used to estimate the number of trucks required for the loading and hauling processes. 

Another illustration is presented through a study by Deng et al. (2016a), where data concerning 

noise was calculated from BIM and GIS independently and functions as a medium for integrating 
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and exchanging the required data among both domains.  Irizarry, et al. (2013) provided another 

case for this approach, where the required data was exported from BIM using a built-in export 

option (IFC export) and transferred to GIS where spatial analysis operations were performed. 

Finally, the data was saved into an external database. In addition, schema, such as Green Building 

XML (gbXML), is used as a mean of integrating BIM and GIS, as presented in the study of Niu et 

al. (2015), where the needed data was obtained, modified to be simple and exported as a gbXML 

file. After performing energy simulation, the data was transformed into KML and COLLADA 

formats to be demonstrated in Google Earth. Overall, that approach is quite sufficient in terms of 

both time and effort; nevertheless, it is problem-specific, which normally hinders the possibility 

of implementation by other methods (Amirebrahimi et al., 2015). 

 

3.9 Comparison between the different integration approaches 

In this section, a summary of the comparison between the previous approaches of integration and 

interoperability between BIM and GIS will be presented. The goal is to provide the logic behind 

the integration approaches that will be used in the methodology for developing the integrated 

model BIM-GIS for site layout planning. 

Liu et al. (2017)  created a comparison criterion called “EEEF” which is an abbreviation for the 

following four words:  

1) Effectiveness: less information loss. 

2) Extensibility: high level of openness. 

3) Effort: in time, cost, and labor. 

4) Flexibility: the potential of using one solution for this and other studies. 

All the previous approaches of integration and interoperability between BIM and GIS can be 

evaluated based on the EEEF criteria, as follows. 
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New standards and models: Huge effort is involved in this approach in time, cost and resources. 

New standards and models cover a broad variety of applications for infrastructure (e.g., 

InfraGML), indoor space (e.g., IndoorGML), and urban (e.g., QUASY project) with various 

purpose of application and level of details. However, new standards and models can vary in their 

score of the EEEF criterion depending on the scope of the problem they intend to solve. They can 

get a satisfying score when the objective is to be more focused in scope and to provide a solution 

for a specific issue. Otherwise, they will score poorly when looking to involve all aspects of BIM 

and GIS. Due to their higher potential in solving integration issues between BIM and GIS, this 

approach should nevertheless be encouraged. 

Translation, conversion, and extension of existing standards (manual or semi-automatic): 

Due to the process of semantic filtering (ignoring and mapping), which is typically involved in 

this approach, a certain degree of loss of information is hard to avoid. Manual ETC has higher 

extensibility as it normally results in introducing novel objects and ontologies that can be extended 

by future efforts. Semi-automatic ETC (e.g., ETL) has lower extensibility since it focuses on the 

process description, which varies in accordance to different applications. Semi-automatic ETC 

entails changing the information format (e.g., IFC to geodatabase) during the integration process. 

Process level integration between BIM and GIS: Little loss of information is involved in this 

approach as it aims towards distribution of information rather than translating current standards or 

establishing novel ones. It has low flexibility resulting from its problem-focused nature. Also, a 

service-based integration approach has a low possibility of extensibility as it is an “extensively 

specialized problem-solving method.” In addition, it does have low flexibility for the same reason. 

Low productivity is normally associated with most process level approaches as they need a large 

amount of human involvement at the early development stage of the process.  
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Application level integration between BIM and GIS: This approach is time and cost efficient 

where less resources are involved since source information, target information, service, and 

ontology are not developed or altered. There is a potential of loss of information through this 

approach, as an information filtering process might be required. Also, the extensibility of this 

approach is considered low. The effectiveness of the application integration approach varies from 

one application to another. 

As a result, two main integration approaches will be used in the proposed methodology to achieve 

the BIM-GIS for SLP model: 1) conversion and translation (semi-automatic), and 2) An 

application-focused approach, which is going to be developed for the purpose of this study. More 

elaboration on the two approaches will be provided under the methodology section. 

 

The literature review in both chapter 2 and 3 will be summarized in this paragraph. Site layout 

planning is an important step to every construction project yet to date no commercial solution is 

offered to assist practitioners with crucial task. The studies found in the literature thus far have 

great contributions, but they are fragmented in nature, which makes it less likely for future studies 

to build upon previous ones. There is still a room for enhancement as studies listed in the literature 

highlights the potential of applying the integration between building information modeling (BIM) 

and geographic information system (GIS) towards site layout planning. Up to the knowledge of 

the author, there is no model for site layout planning, that is based on the integration of BIM and 

GIS, listed in the literature on site layout planning. In addition, based on the comprehensive 

literature review and the collected data, the author realized that professionals do not lack 

knowledge or have issues with making decisions as to where to place objects (e.g., facilities or 

building materials) onsite. However, the impact that these decisions might have in the long run, 
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whether onsite or in the surrounding environment, is where the real problem usually is. This is to 

say that, being unable to foresee or predict where and when conflicts might occur can result in 

negative consequences on the project such as delays and increases in cost; thus, it is necessary for 

the practitioners to get assistance in this particular area. 

Each of BIM and GIS provides capabilities that is lacking in the other and they can complement 

each other when integrated in a way that offers a wider scope to tackle various issues related to the 

AEC industry, which would be difficult to be addressed by each concept (BIM or GIS) 

individually. However, the integration between both domains has many barriers due to the many 

difference exist between them. This encouraged many from the academia and the industry to find 

ways to integrate both concepts. One of those ways is the ETL (Extract, Transform, and Load) 

approach. The ArcGIS Data Interoperability Extension, which is based on the ETL approach, will 

be used in this study as a mean of integration between BIM and GIS. 
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3.10 Summary 

This chapter reviewed the literature related to Building Information Modeling (BIM) and 

Geographic Information Systems (GIS). BIM is an object-oriented and data-rich concept that can 

provide a robust 3D model with rich attributes for the building. GIS can be leveraged to run various 

analyses required for the SLP process. Moreover, similarities, differences, and the approaches of 

integration and interoperability between both domains has been discussed. In addition, this chapter 

provided a literature review on the various applications of BIM-GIS integration in the construction 

management field and benefits of BIM-GIS integration were discussed. The literature has found 

that BIM-GIS integration is beneficial for various applications in the AEC industry and there has 

been big growth in the number of studies related to this topic. Also, a brief comparison between 

the previous approaches of integration and interoperability between BIM and GIS was presented. 

The goal of the comparison was to provide the rationale behind the selecting the integration 

approaches to be used in the proposed methodology for developing the integrated BIM-GIS model 

for site layout planning. The integration approaches used in the methodology to achieve the BIM-

GIS for SLP model are mainly two: 1) conversion and translation (semi-automatic), and 2) an 

application-focused approach, which is going to be developed for the purpose of this study. The 

main reason for choosing these approaches are the ease of use and bulky data translation capability 

of the semi-automatic approach and the high efficiency and solid capability of the application-

focused approach to provide a robust solution for the application it is meant to solve. The BIM 

tool that will be used in this study is Autodesk Revit 2020 and the GIS tool will be ESRI in ArcGIS 

10.6. 
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CHAPTER 4 

  DEVELOPMENT METHODOLOGY OF THE MODEL 

 

4.1 Introduction 

This chapter explains the methodology to be used in the development of the proposed BIM-GIS 

integrated model for site layout planning at the preconstruction phase that takes into consideration: 

1) users’ interactions and input (applying their knowledge and experience); 2) space requirements 

(i.e., operation distance and safety distance) for site objects (temporary and permanent facilities); 

3) spatial constraints and relationships between TFs and other TFs, TFs and PFs; 4) risk assessment 

for detected conflicts; and 5) consideration of the surrounding environment (i.e., surrounding 

buildings, actual roads and paths onsite, and topographical and soil information). The flexibility 

of the proposed integrated model will allow it to be applied during the construction stage of 

projects in cases where changes occur to the design or where when construction interruptions 

occur. The presented methodology will be implemented through the design and development of 

an integrated SLP model that is designed in a modular format to simplify the process of planning 

a safer, more efficient and almost conflict-free site layout. This is achieved by facilitating the 

creation of 4D models by implementing the concept of a virtual review of the construction 

sequence as well site layout and route planning to assist users during the process of selecting TFs 

and laying out the site, checking their plan for potential conflicts in 2D and 3D throughout the 

whole duration of the project and assessing the risk for potential conflicts. In addition to providing 

users with feedback on their plan in multiple formats and aiding them while preparing project’s 

documentation. Figure 4.1 illustrates the workflow of the development methodology for the 
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proposed BIM-GIS SLP model. A step-by-step workflow implemented in this research is as 

follows: 

Figure 4.1: Workflow for BIM-GIS integration for SLP model 

Step 1: This research first looks into the actual needs, gaps and expectations of the AEC industry, 

adopting a feasibility study concept, to identify: how the integration of BIM and GIS is sufficient 

to provide a solution to the SLP problems and how this integration will lay the foundation for a 

versatile, flexible, and practical solution for the SLP.  

Step 2: An integration framework will be established to lay out the foundation for the BIM-GIS 

SLP model. Then an analysis will be conducted to identify the desirable functionalities in any SLP 

model that would be enhanced or realized by the BIM-GIS integration. 

Step 3: Develop an integrated model for site layout planning that provides a suitable environment 

for a Decision Support Model (DSM) to aid planners throughout the SLP process. To enhance the 

flexibility of the developed model, it will be designed in a modular format and will consist of six 

modules. 
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Step 4: Test and verify the developed SLP model by using a hypothetical case building project. 

This case project is used to test the said model and its different modules to verify their capabilities 

and functionalities. 

Some of the objectives of the development methodology include verifying the requirements of the 

BIM and GIS integration to realize an efficient and helpful SLP decision support model. Also, the 

sufficiency of the IFC schema and the data transformation approach used in the methodology (The 

ETL approach through the Data Interoperability extension in ArcGIS) to convert IFC to 

Geodatabase will be tested. This study will check if the retained information of the 3D building 

after the data transformation process from one format (i.e., IFC) to another (i.e., Geodatabase) is 

sufficient to develop the presented SLP model, or there is a need to other measures to overcome 

such shortcomings. This study aims towards creating a parametric temporary facilities library, 

which includes physical and functional information about temporary facilities, and evaluating the 

capability of developing a rule-based checking module that would check for conflicts in both 2D 

and 3D, as well as providing 4D visualization of the site layout and the construction sequence. 

This is achieved in an interactive, intuitive, and timely manner while providing a user-friendly and 

informative environment to support users’ decisions. The successful implementation of such a 

methodology will help practitioners make efficient decisions related to planning a safe site layout 

that complies with their personal expertise and needs. 

 

4.2 Evaluating the requirements of SLP and the developed model  

Most of the data needed for the integrated model is gathered from the literature review, while some 

of the data related to the process of site layout planning is collected through interviews conducted 

with professionals, including engineers, site supervisors and contractors from several parts of the 
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world, namely, Ottawa, Canada; Dubai, UAE; Cairo, Egypt; and Jeddah and Makkah, Saudi 

Arabia. Data can be updated based on manufacturers’ manuals and regulations and guidelines (e.g., 

from municipalities, OSHA, etc.). There are three main types of constraints between the site 

objects in site layout planning are identified by Abdel-Fattah (2013) those are: 1) regional 

constraints, which define the placement area for a site object (TF and PF); 2) interference 

constraints, which define the spatial relationships between site objects (e.g., overlapping or not 

overlapping); and 3) dimensional constraints, which include angular dimensions that define 

geometrical, shape, position, orientation, and distance relationships between site objects (e.g., 

within or not within a certain distance or height of a site object, maximum and/or minimum 

distance and/or height from a site object, etc.).  

This study identifies some of the essential functionalities and requirements that site planners need, 

while making efficient decisions. Those include: a) having 4D capabilities (visualization and 

enable the creation of 4D model in an intuitive manner), because being able to virtually review the 

sequence of construction operations and the construction site along with its surroundings can assist 

planners in making more competent decisions, and allocating time to the different components of 

a 3D model is a demanding procedure (Bansal, 2015; Bansal, 2011b; El-din et al. 2015; Su et al., 

2012; Zolfagharian and Irizarry, 2014); b) having the capability of spatial-temporal analysis is 

essential as users need to know what, when and where resources (e.g., site objects) are onsite and 

the type of relationships they have throughout the construction period (Abune’meh et al., 2016; 

(Bansal, 2011b; Karan and Ardeshir, 2008; Marzouk and Abubakr, 2016; Su et al., 2012); c) having 

a comprehensive parametric library that holds physical and functional information about 

temporary facilities to aid them in selecting the required TFs and accurately planning the site layout 

in an intuitive and quick manner (see appendix II); d) identifying any potential conflict in 2D and 
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3D for the whole duration of the construction project is crucial for an effective SLP model because 

users may overlook some of those during the planning process especially when dealing with larger 

and more complex projects (see appendix II); e) encourage professionals to apply their knowledge 

throughout the planning process until they reach an optimal site layout plan experience (El-din et 

al. 2015; Sugimoto, 2016; and Tommelein et al., 1992a); f) documenting and generating, reports 

(e.g., conflict and safety) and getting variety of outputs, such as graphical, textual, and tabular 

formats for checking and referencing purposes (see appendix II); g) route planning of construction 

resources based on their actual path (Andayesh and Sadeghpour, 2014a; Cheng and Kumar, 2014; 

and Sadeghpour and Andayesh 2015). 

The model will be designed to have the following characteristics: 

• Information intensive: it provides a data rich environment containing information about the 

topography and soil information of the construction site and its surroundings; the building 

and its surroundings; the transportation network; and temporary facilities to support users’ 

decision-making processes throughout the process of site layout planning (SLP). 

• Versatile: it assists the decision-making process for planners throughout the planning 

process by supplying a variety of analyses and functionalities that are required for an 

efficient SLP. This includes route planning based on actual paths, selecting and placing of 

temporary facilities on suitable locations onsite, 4D visualization for the construction site 

and its surroundings and virtually reviewing the construction sequence and site layout, 

dynamic conflict detection in 2D and 3D, risk assessment, documenting the project, and 

providing users with a variety of outputs including graphical, textual and tabular, in an 

intuitive and timely fashion and all in one data-rich environment. 
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• Flexible: The modularity of the presented model allows it to include more modules and 

functions, whether from past studies in the literature or through future research, to achieve 

a more versatile SLP model. In addition, it enables users to add and modify data in a user-

friendly manner. This include modifying the physical and functional information of the 

temporary facilities and the safety distance values for the IFC components.  

• Efficient: it allows users to apply their knowledge and experience while using the model 

to facilitate the different tasks related to SLP throughout the process of planning the site 

layout without being worried about not having technical backgrounds, experience or any 

type of knowledge that is not common in the AEC industry. 

• Automatic: it assists users in adding temporal information to the 3D building model and 

TFs based on visual selection and locational and functional information; selecting and 

placing different temporary facilities; 4D reviewing for the construction site and its 

surroundings, buildings and site objects; dynamically checking the site layout plan for 

potential conflicts in 2D and 3D for the entire duration of the project along with providing 

feedback and risk assessment in an automatic, intuitive, and timely fashion. 

 

4.3 Screening existing functionalities of BIM and GIS tools  

The previously discussed sets of functionalities of both software applications for BIM and GIS 

may not be sufficient to satisfy the requirements for the site layout planning. Those requirements 

that can be achieved through the available functionalities, will be pointed out and performed 

accordingly. For complex requirements, some customized and or combined functionalities across 

different tools can help perform the task or resolve the problem. Nevertheless, it is possible that 

no existing functionality can meet the requirements for certain aspects. In this case, a gap is 
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identified so it will be evaluated later for potential solutions. Finally, the integrated model should 

be flexible and expandable to include more functions in the future (e.g., environmental analysis 

and indoor navigation). 

Based on the evaluation of the built-in functionalities of both BIM and GIS tools, two methods are 

followed: 

1) The functions related to 3D modelling, 4D modelling, exporting, importing, and data 

transformation will either be used as they are or will be customized in order to achieve the 

development needs of the integrated BIM-GIS SLP model; 

2) Additionally, functions that are necessary for the integrated BIM-GIS SLP model (i.e., 

opening GIS tool from within the BIM tool, time-entry based on locational and functional 

attributes, temporary facilities library, and the rule-based dynamic conflict detection) will 

be created either as an application/extension with a user interface (within BIM or GIS tool), 

or as plugins that will be linked to the associated tool (BIM or GIS). 

 

4.4 Components and architecture of the proposed model 

 The most important step in the development of an integrated methodology is to adopt a method 

that leads to an effective integration between BIM and GIS to facilitate aiding and engaging users 

throughout the process of site layout planning. This is achieve by designing the model in a modular 

format by incorporating six modules: 1) a 3D modeling module; 2) a route planning and hauling 

module; 3) an execution-schedule time entry module; 4) a 4D visualization module; 5) a temporary 

facilities library (TFL); and 6) a rule-based dynamic conflict detection (DCD) module. The 

different modules are inter-related to each other in a way that makes the proposed model versatile 
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to cover some essential requirements for SLP and flexible as it can be expanded to include more 

modules and new functions in the future. 

Figure 4.2 shows the architecture of the proposed integrated BIM-GIS SLP model. The input 

section illustrates the required data for each module. The analysis section explains the different 

types of analysis conducted by each module to reach the final outcome. The criteria section 

provides a description of the criteria used by each module to run the required analysis and achieve 

the final outcome. To meet the automation objectives of the proposed integrated model, it is vital 

to take into consideration the programming capabilities of BIM and GIS tools in developing 

extensions and plug-ins. The three main outputs of the proposed model will be: 1) a map, 

presenting the final selected site layout plan that considers constraints and relationships between 

site objects (TFs and PFs) for the complete duration of the project and that allows for an efficient 

and timely construction process; 2) a 4D model to visualize and simulate the construction progress 

and locations of site objects, and 3) a report that holds detailed information about detected conflicts 

between site objects. Figure 4.3 illustrates the data process flow for the integrated BIM-GIS model 

for site layout planning. 
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Figure 4.2: Architecture of the proposed BIM-GIS SLP model 
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Figure 4.3: Data process flow for the proposed BIM-GIS SLP model
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4.5 Modules of the proposed model 

The proposed BIM-GIS model is designed in a modular format to augment its flexibility and 

efficiency. The model will leverage the functionalities of the existing tools in both environments, 

Autodesk Revit (BIM tool) and ArcGIS desktop (GIS tool) respectively, by using their existing 

functionalities and by developing a customized Application Programming Interface (API) for new 

ones. 

The proposed model consists of six major modules as follows: 

 

4.5.1 Module 1: 3D modelling 

4.5.1.1 Objectives of module 1: 

• Designing a detailed 3D BIM model for the facility under construction and surrounding 

facilities. 

A detailed BIM 3D model will be created using BIM tool (Autodesk Revit) and will be exported 

to GIS tool (ESRI ArcMap desktop). As shown in Figure 4.4, all the information related to the new 

facility for construction and/or existing facilities is identified along with the construction site. 

Users will review the BIM 3D model for the proposed project to make sure it contains all the 

required information for the facility before exporting and importing it as an IFC file format into 

ArcMap then transforming it into a FileGeodatabase format file.  

Figure 4.4: Process flow of module 1 (3D modeling)
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To ensure that the project’s 3D model is placed at the exact location in ArcMap, it should be 

created on an aerial photograph or a satellite image for the project area (the construction site and 

its surroundings) in BIM tool. In case the 3D model was not created on an aerial photograph or a 

satellite image in BIM tool, then a layer for the project area should be available in ArcMap where 

it will be exported as a CAD file and imported into Revit to model the 3D model on top of it. After 

that, the coordinates of that CAD file will be published to the 3D model using the existing 

“coordinates” function (menu) in Revit as shown in Figure 4.5. 

Figure 4.5: Process flow for exporting the layer for project area from GIS tool to BIM tool 

Afterward, the 3D model is exported as an IFC 2x3 file then imported into the ArcMap. It is very 

important to make sure the 3D model’s components are divided by level (floor) before exporting 

the 3D model as an IFC file from the IFC export menu in Revit. A plugin will be developed and 

linked to Revit to seamlessly help users open the ArcGIS from within Revit. The same 

methodology is used by ESRI to open ArcScene (3D ArcGIS platform) from within ArcMap (2D 

ArcGIS platform). After that, the IFC file is imported into ArcMap and transformed into 

FileGeodatabase file format using the data interoperability extension. Then, users can set up a real-

world coordination system for the project that is consistent with its real location on the globe by 

using the coordination tool in ArcMap. The process flow of module 1 is shown in Figure 4.4. 

The IFC schema allows limited attributes of the 3D BIM model to be transferred along with the 

exported IFC 3D model. Therefore, if required, all the information and attributes needed can be 
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exported to an external database (e.g., MS Access) or spreadsheet (e.g., MS Excel), and be opened 

within ArcMap where the selected attributes can be link ed with the corresponding feature classes 

(layers) based on unique common column (e.g., GUID or TAG No.) by using the built-in tools in 

GIS such as “join attributes” as shown in Figure 4.6. Attributes required in the 3D model include 

length, width, height (thickness), area, volume, level (floor) number, name, GUID, TAG, etc. 

 

Figure 4.6: Process flow of exporting QTO from BIM tool to GIS tool. 

 

4.5.2 Module 2: Route planning and hauling (RPH) 

4.5.2.1 Objectives of module 2: 

• Identifying the safest and shortest route between two points. 

• Estimating the number of trucks required for hauling and moving operations. 

4.5.2.2 Prerequisites of module 2 

• The transportation network including roads and routes for the construction site and its 

surroundings should be available. 

• Information such as volume, building material (e.g., concrete, steel, wood, glass, etc.), 

material condition (i.e., recyclable, reusable, and total loss), building component (wall, 

window, door, floor, etc.), and weight need to be available in features in the ArcMap. 

• Land use including health, governmental, educational, industrial, residential, services, 

etc. 
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4.5.2.3 Route planning: 

In this module, the network analysis capabilities of GIS will be used to determine the most efficient 

(safest and shortest) route between two different points. Users will identify the supply point (e.g., 

for tasks, materials, or waste generated onsite) and the demand point (e.g., storage, a landfill, or 

recycling facility) and using the Network Analyst tool in ArcMap they can identify the shortest 

route available as shown in Figure 4.7. In case of a restriction occurring (e.g., a road accident, road 

maintenance, or vulnerable facilities such as schools, hospitals, or highly populated areas in case 

hazardous materials are being transported) one or multiple restriction points can be applied on the 

road to simulate what occurs in reality and the model will be used to identify an alternative best 

and safest route. After identifying the most efficient routes, the selected routes can be merged into 

a layer called "Roads” to be used by the DCD module in the process of conflict detection. 

Figure 4.7: Process flow of route planning in module 2 (RPH) 

As shown in Figure 4.8, the proposed model can assist in locating, estimating, and categorizing 

the building components and or demolition and renovation (D&R) waste based on three categories: 

building materials (e.g., concrete, steel, etc.), building components (e.g., door, window, slab, floor, 

etc.), and material/component condition (i.e., recyclable, reusable, and total loss); which will help 

in identifying suitable locations for supply and demand points. Also, all the different sorting 

categories could be further filtered based on locational and functional attributes (e.g., certain 

building components exist on certain floors on a specific area or building/s).  



 

106 

 
 

Figure 4.8: Process flow of using spatial analysis in module 2 (RPH) 

This is achieved by leveraging GIS spatial analysis capabilities (find by location and find by 

attributes). If the information mentioned in the second point of the module’s prerequisites does not 

exist, it needs to be associated with corresponding features in GIS. After associating the 

information imported (e.g., from a spreadsheet) with their corresponding features, the statistical 

analysis capabilities in the model can be used to estimate the potential amounts of materials and 

or waste generated onsite. The proposed model can be used to produce tables and reports for the 

aforementioned three categories by using the data management capability available in GIS tool. 

4.5.2.4 Estimating the number of trucks: 

After identifying the most efficient route between the two points, the number of trucks required 

for hauling and moving operations can be calculated by using Equation 4.1 and identifying the 

maximum number of trips that can be performed by one truck during one business day. Then, users 

will be able to estimate the number of trucks required for hauling and moving operations and the 

period (e.g., days) they are required for. For example, if 90 trips are required to move material X 

and the maximum number of trips per day performed by 1 truck is 10, then 9 days are required to 
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completely move material X. To decrease the number of days required to completely move a 

certain material, users can increase the number of trucks according to their preferences. This is the 

traditional methodology (i.e., number of loads/ trips) used in the literature to estimate the required 

number of trucks (e.g., Cheng and Ma 2013). 

 

Estimated number of trips = Total volume ÷ Truck loading capacity       [4.1] 

 

4.5.3 Module 3: Execution schedule time entry (ESTE) 

4.5.3.1 Objectives of module 3: 

• Facilitate 4D modelling for users by assisting them in adding and editing Actual Start 

Time (AST), Actual Finish Time (AFT), Estimated Start Time (EST) and Estimated 

Finish Time (EFT) in an easy and fast manner. 

4.5.3.2 Functions of module 3: 

• Allocating time information for a single object or multiple features based on locational 

and attribute quires. 

4.5.3.3 Prerequisites of module 3: 

• A detailed execution schedule for the project’s construction should already be available at 

this point. 

• All layers should be located within the same Geodatabase. 

This module will facilitate allocating the start time and/or finish time based on locational and 

attribute quires for a single object or multiple features or activities (e.g., ifcColumn) in a feature 

class (layer) in the 3D model. For example, selecting all the columns on the first and second floors 

with a specific width and length or based on a specified component’s number or a global unique 
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identifier (GUID) or choosing objects within a specific range (e.g., TAG number 1234 to 1345). 

The Process flow of the Execution schedule temporal data entry (ESTE) tool is illustrated in Figure 

4.9. Modelbuildier, which is a visual programming language that is part of the ArcGIS desktop 

package, will be used to develop the toolbar extension and UI for the ESTE module. 

 

 

 

 

 

Figure 4.9: Process flow of Execution schedule temporal data entry (ESTE) tool 

 

This module will also be used to enter the durations for the temporary facilities (TFs). As shown 

in Figure 4.10, the 4D simulation and the detailed execution schedule for the construction will help 

users to identify required TFs to support the construction and based on that users can calculate the 

estimated time required for each TF then enter that time using this module. 

 

 

Figure 4.10: Process flow of entering temporal info for TFs using the ESTE tool 
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4.5.4 Module 4: 4D visualization 

4.5.4.1 Functions of module 4: 

• Simulate the construction process by showing the chronologically sequence of the 3D 

model. 

• Allow features (building components or temporary facilities) to be shown incrementally or 

momentarily for the time they exist onsite. 

4.5.4.2 Prerequisites of module 4: 

• All the feature classes should have at least one field of time (i.e., Estimated Start Time). 

• Other time fields can be optional (i.e., Actual Finish Time, Estimated Finish Time, and 

Actual Start Time). 

The 4D simulation can be set up using the time representation function in ArcMap (Timeslider). 

As shown in Figure 4.11, the Timeslider enables setting different and separate display output for 

the different layers to show the contained site objects either incrementally over time or just for the 

time they exist onsite. In this module, the layers displayed in a specific time period in the 

simulation are the only ones whose attributes will be shown in the attribute table. For instance, if 

a 3D model for a ten-story building is simulated and only four floors are completed during the first 

5 months, then only the attributes for those floors will appear in the attribute table in the floor 

layer. This allows to identify and manipulate only the features of concern along with their 

associated data. 

 

Figure 4.11: Process flow of module 4 (4D module) 
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As shown in Figure 4.12 , this module allows to conduct spatial-temporal analysis such as “How 

many objects (e.g., floors, windows, slabs, walls, etc.) will be done after the first 3 months?”; 

“How many site objects will be covered by the jib radius of the tower crane at a specific date and 

time?”; “How far or how close is a certain TF (e.g., batch plant or parking lot) from the site 

office?”; and “What is the area of the finished floors after the first 9 weeks?” 

 

 

 

 

Figure 4.12: Spatial-temporal analysis that can be conducted in module 4 (4D module) 

 

The presented 4D module is a result of the methodology of integrating the BIM tool (i.e., Revit) 

with the GIS tool (i.e., ArcMap) in a way that allows users to visualize the construction progress 

of the project in a dynamic manner as shown in Figure 4.13. The IFC 3D model exported from 

Revit provides a detailed 3D model that helps in visualizing the facility components dynamically 

(floor by floor); while ArcMap enables the visualization of the construction process through time.  

 

 

Figure 4.13: Data flow of module 4 (4D module) 

 

4.5.5 Module 5: Temporary facility library (TFL) 

This section explains the methodology to develop the TFL module. 
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4.5.5.1 Objectives of module 5: 

• Aid users in planning the site layout by enabling them to select and place the different 

temporary facilities (TFs) that are required for the construction process. 

• Attributes found in the TF’s database must be sufficient, usable, and recognizable by the 

DCD tool, which means that the output of the TFL in this study is considered as an input 

in the proposed DCD module and will work seamlessly with it. 

The TFL module will mainly consist of a geodatabase (GDB) and a user-friendly user interface 

(UI). This is achieved by preparing a GDB containing the actual physical (geometrical) 

representation and associated attributes for all the types of the temporary facilities (TFs), which 

will be connected to an intuitive user interface (UI) with texts, illustrative pictures and floating 

messages that facilitates the process of selecting and placing TFs on the map. ArcGIS provides the 

capability of developing custom tools using programming languages such as VB and Arc objects 

library (based on the C# programming language), which is used to develop the user interface and 

logic of the TFL module. 

The TFL that will be developed in this study will have the following characteristics: 1) it is built 

within a GIS environment as a File Geodatabase that is complemented with a user-friendly UI; 2) 

the customized representation for TFs based on their shape and functions. This allows for an easy 

selection and placement of TFs on the map and automatically sets up the real-world coordinate 

system of the imported TF to match the coordinate system in the current file users are working on. 

Also, the TFL in this study will contain 2D and 3D information about the different TFs. This 

module will be developed with the aim to be fully compatible with and work seamlessly with the 

DCD model, which will enable detecting potential time-space conflicts in 2D as well as 3D.  
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4.5.5.2 TFL data collection, preparation and representation 

Figure 4.14 shows the development methodology of the TFL. 

Data collection: the dimensional or physical information (shape) along with all the functional 

information (e.g., safety distance) of the TF will be based on data collected from manufacturers 

and vendors for those TFs, literature and published data, guidelines, and regulations (e.g., from 

municipality, OSHA, etc.), and can be updated and or adjusted, if needed. 

Figure 4.14: Development methodology for module 5 (TFL module) 

Preparation: to achieve accurate shape representation, all TFs will be first drawn in AutoCAD. For 

CAD geometric information to be successfully imported into GIS it must to be in compliance with 

the kinds of geometric information that are recognized by GIS (i.e., polygons, lines, points, and 

annotations). After that, they will be imported into the GIS tool and stored in a geodatabase where 

thematic information will be included in their associated attribute table.  

The attributes maintained in the TFL geodatabase will include, depending on the shape of the TF, 

the length, width, height (thickness), area, spatial requirements (e.g., safety distance and or 

operation distance). In addition, some essential information about the TFs contained in the TFL 

are the main category of the TF, such as family, type, sub-type, the feature ID (FID) and TF ID, 
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and the RGB values for the thematic colour of the type the TF in question belongs to. Also, a table 

preserving the logical hierarchy of the different TFs will be included in the geodatabase as a 

reference that will be used by the UI to organize and display the TFs included in the geodatabase. 

Representation: TFs vary in shapes and functions thus, in this study, the methodology used to 

present the different types of TFs varies in accordance to the type and function of the TF as shown 

in Figure 4.15. Figure 4.16 provides an illustration for the methodology used for representing TFs. 

 

 

 

 

 

 

 

 

 

Figure 4.15: Methodology of representing TFs in the TFL module. 

This means that an office that provides a space for work and productivity that is normally 

rectangular in shape will be modelled as a simple 2D polygon shape (rectangle) with the height 

value included in its attribute table, whereas, a tower crane (T.C.), for instance, typically consists 

of several parts including the main two parts, which are the tower mast and the jib. Both of those 

have different dimensions, directions and functions; for instance, the tower is vertical and fixed, 

whereas the jib is normally horizontal and moving in a circular motion with a radius that is equal 

to its length. 
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Figure 4.16: Illustration for the methodology of representing TFs in the TFL module 
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Also, both have different spatial requirements (operation distance and safety distance), therefore, 

they must to be presented separately in order to satisfy their individual requirements. Accordingly, 

both components (jib and tower mast) must be represented separately in order to satisfy their 

individual requirements. This means that some TF types, such as tower cranes, will require special 

data processing and spatio-temporal data analysis. The TFs created by the TFL module will have 

different colour themes depending on the TF family that a certain TF belongs to.  

The process flow for using the Temporary Facilities Library (TFL) is shown in Figure 4.17, users 

will select the reference GDB and the output GDB. 

 

 

 

 

 

Figure 4.17: Process flow of TFL module 

Figure 4.18 shows the methodology for categorizing the TFs and their hierarchy in the TFL 

module. All TFs in the presented module will be categorized under 3 main categories as per the 

categorization mentioned in chapter 2: 1) Operation and Processing facilities (OPTF); 2) Storage 

facilities (STF); and 3) Residence facilities (RTF). Under each main category there will be 

different families (e.g., Cranes); under each family there will be different types (e.g., Tower Cranes 

or TCs); under each type, depending on the type, there will be different sub-types (e.g., different 

sizes of TCs). The TFL will adopt the tree-hierarchy approach in presenting the different TFs it 

contains. The TFL will use thumbnails, texts, and tip texts, when hovering on the required TF, to 
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facilitate the TF selection process for users and to make it more intuitive and user friendly. All TFs 

with their relevant attributes will be stored in the form feature classes in a Geodatabase. 

 

Figure 4.18: Methodology of categorizing TFs and their hierarchy in the TFL module 

Color codes, based on the family (e.g., cranes) the TF belongs to, and labels (displaying the TF’s 

name) will be allocated to the TF that is created and placed on the site plan. This will make it easier 

to distinguish between all the different TFs on the site plan. 

4.5.5.3 Temporary facilities that will be developed in this module: 

As illustrated in Figure 4.14, the TFL will be created as a personal FileGeodatabase which has a 

capacity of 2GB. This should be large enough to store hundreds of different TF families with 

hundreds of types (subcategories), which should be sufficient to cover the requirements of any 
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type of construction project. This study focuses on the TFs required for the construction of building 

projects. Table 4.1 illustrates the selected TFs in this study to be created in the TFL module for 

testing and verification purposes. The number of different types of temporary facilities (TFs) 

included in the TFL module presented in this study is 12; however, as shown in Table 4.1, the total 

number of the different TFs including their subtype is 21. In this study, the TFs will have different 

colour themes depending on the TF family that a certain TF belongs to. These colours are as 

illustrated in Table 4.1. 

Table 4.1: The selected TFs to be created for the model development and verification 

TF No. TF type Category Family Color code Sub-types No. 

1 Batch Plant OPTF Batch Plants Grey 3 

2 Tower Crane OPTF Cranes Yellow 3 

3 Geotechnical lab OPTF Labs Purple 1 

4 Carpentry OPTF Workshops Beige 1 

5 Rebar workshop OPTF Workshops Beige 1 

6 Landscape workshop OPTF Workshops Beige 1 

7 Bricks depot STF Storage Brown 1 

8 Gravel depot STF Storage Brown 1 

9 Storage STF Storage Brown 3 

10 Laydown Area STF Storage Brown 1 

11 Office RTF Offices Blue 3 

12 Site washroom RTF Sanitary units Light blue 1 

Total number of temporary facilities included in the TFL 21 
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4.5.5.4 Identifying suitable area (SAI) 

To facilitate placing the temporary facilities (TFs) that users select from the temporary facilities 

library (TFL) on the map, the proposed BIM-GIS model will help to identify the available and 

suitable area on the construction site by using a tool called suitable area identifier (SAI) that will 

be developed in this study. The SAI to will generate the available and suitable area on site and add 

it as a separate layer on the map. The workflow of the suitable area identifier is shown in Figure 

4.19. The SAI will be developed using the ModelBuilder that is part of the ArcGIS desktop 

package. 

Figure 4.19: Workflow for the suitable area identifier. 

As illustrated in Equation 4.2, the proposed model will basically subtract the areas of the building, 

roads, and site objects from total area of the construction site. Also, the model will consider the 

spatial requirements (i.e., safety distance and operational distance) for the previously mentioned 

areas that will be subtracted from the total area of the construction site. 

!" = "$! − ("' + ") + "!*)            [4.2] 

Where SA is the suitable are; ACS is the total area of the construction site; AB is total area of 

building; AR is the total area for roads including the spatial requirements required by roads; and 

ASO is the total area of site objects (e.g., trees) including the spatial requirements required by site 

objects. 

The proposed model will allow modifying the values of the safety distance and operation distance 

for the roads, building, and other site objects. It will provide the available area that is suitable for 
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placing the TFs and will display it on the map. In this study, the proposed model will generate the 

available and suitable area, as opposed to an available and suitable location, as found in most of 

the previous studies on SLP. After that, the selected TF can be placed on any specific point on the 

map by using the TFL module. 

4.5.5.5 Identify suitable area for tower cranes (SAITC) 

This section will explain the development methodology of a tool “suitable area identifier for tower 

cranes (SAITC)” that will help to identify the suitable area for placing tower cranes (TCs) on the 

map. GIS can help in identifying a feasible area for locating TCs on the construction site (Sebt et 

al., 2008). The development methodology of the proposed model (the modularity and flexibility) 

will allow for accommodating solutions that were presented in the literature on SLP. The 

methodology for determining the suitable area for tower cranes is based on a study by Irizarry and 

Karan (2012). In general, TCs are used on construction sites for transporting resources (e.g., 

materials, equipment etc.) between two points a supply point (SP) and a demand point (DP). As 

shown in Figure 4.20, a circle which its radius is equal to the jib length of the TC selected for the 

project and its center is the SP will be generated by the presented model for the SP. The same 

process will be done for the DP. The suitable area (SA) for the TC is the intersection area between 

the two circles of the SP and DP. The locations of the SP and DP on the map is determined by 

users. The workflow for identifying the suitable area for TCs is shown in Figure 4.21. This SAITC 

in the TFL module will be developed by using the ModelBuilder that is part of the ArcGIS desktop 

package. For tasks that are far away from each other and that a single TC cannot cover, a new 

group (layer) of SP and DP should be identified by users then the model can be used again to 

identify the SA for the new TC. 
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Figure 4.20: Illustration for the suitable area for tower cranes. 
 

Figure 4.21: Workflow for the identifying the suitable area for tower cranes. 

4.5.5.6 Data-rich environment to support users’ decisions 

The development methodology of the proposed model, which is based on the integration between 

BIM and GIS, enables providing data-rich environment to support user’s decision on selecting 

suitable and safe locations for TFs and supply and demand points as shown in Figure 4.22. The 

proposed model will make topography and soil information of the construction site available, 

quarriable, and visualized for users along with the information of the transportation networks and 

the building information in one location.  GIS can be used to help users estimate the suitability and 
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safety of a location for a certain task by including information about the ground surface, 

topography and the environment surrounding this location (Kumar and Bansal, 2016; Kumar and 

Bansal, 2019).  In this study the soil information in the proposed model will provide users with 

detailed soil information including slope steepness, slope length, type of soil profile (agriculture 

or native), soil variation (e.g., bedrock substrate, clay substrate, gravel substrate), surface stoniness 

(including size and fragments of rock on the soil surface or protruding above ground), water table, 

and soil salinity etc. This detailed soil information was obtained in a form of polygons with a scale 

of 1:50,000 in a shapefile (.shp) from the detailed soil survey complications (DSS) by Agriculture 

and Agri-Food Canada (2013). Moreover, the proposed integrated model will provide information 

about the characteristics of the soil that was gathered from boreholes for the Ottawa-Gatineau area 

(in Canada), which was obtained from Agriculture and Agri-Food Canada (2019). In addition, GIS 

provides data management capabilities, which will allow creating and including own soil data that 

is either gathered from soil samples obtained from boreholes or any geotechnical field tests and 

make it available to inquire, analyze, and display it on the map. Furthermore, a contour of 5m, 

stored in an AutoCAD file, will be used in this study to create a TIN layer for the selected 

construction site area to help simulate and visualize the topography on the map. This will enable 

visualizing and enquiring about the difference in terrain and different elevations of the surface of 

the construction site. 

 

Figure 4.22: Workflow of supporting user’s decision for selecting suitable and safe locations 
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4.5.6 Module 6: Dynamic conflict detection (DCD) 

The methodology for developing a rule-based checking module for site layout planning is to assist 

users to dynamically identify the potential time-space conflicts in 2D and 3D with high accuracy 

in an intuitive and efficient manner as will be explained in this section. 

4.5.6.1 Objective of module 6: 

The DCD extension should assist users, in an easy and quick manner, to detect the potential 

conflicts in 2D and 3D between the different site objects for the project’s whole duration; as well 

as making it easy to understand, to check, and to analyze the detected clashes and to assist users 

in making and applying the recommended corrections. Also, users should get feedback from the 

proposed module regarding the detected conflicts in various outputs (i.e., graphical, textual and 

tabular) and be able to document them. 

4.5.6.2 Functions of module 6: 

The dynamic conflict detection module will include some essential features to assist users in 

checking their site layout plan and identifying any potential conflicts and assess their risk level, 

such as: 

i. Visualize the detected time-space conflicts among site objects during the whole lifetime of 

the project. Visualization should be made easy and clear for users to understand in order 

for them to comprehend the gravity of the problem and to make the right corrective actions. 

ii. The module will generate alert messages to notify users of the number of conflicts 

detected or if there are no conflicts detected. In addition, users will get a report including 

detailed information regarding the site objects in conflict, which is also useful for project 

documentation purposes. 

iii. The DCD module should be efficient, easy to use, and automatically conduct the dynamic 
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conflict detection process to get results in a timely fashion. In addition, it should be 

flexible to apply modified information by users (geometric or functional) to match their 

preferences. 

iv. Seamlessly compatible with the site objects included in the TFL and the IFC 3D model 

components. 

4.5.6.3 Prerequisite of module 6: 

• All feature classes (layers) that need checking for potential conflicts including construction 

site, roads, site objects, etc., should be in the same Geodatabase. 

Figure 4.23 shows the methodology for developing the DCD module. A data collection on the 

spatial constraints and relationships between temporary facilities will be conducted. After that, sets 

of rules to govern the different spatial relationships and constraints that exist between the different 

TFs and between TFs and PFs will be identified. Finally, those rules will be translated and 

developed as codes that convey the meaning of the identified rules. Figure 4.24 explains the 

process flow for the DCD module. ArcGIS provides the capability of developing custom tools 

using programming languages such as VB, and Arc objects library (based on the C# programming 

language), which will be used to develop the toolbar extension, user interface (UI), and functions 

for the DCD module. To identify time overlap between two objects for all the different cases of 

time overlap, the DCD module will use the formula shown in Figure 4.25 that is adopted from 

(Stackoverflow, 2018). 
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Figure 4.23: Development methodology of module 6 (DCD) 

 

 

 

 

Figure 4.24: Dynamic conflict detection workflow 

 

 

Figure 4.25: SQL formula for identifying time overlap between two objects 
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The DCD module will check all the different site objects against each other for potential time-

space conflicts. First, the module will check for the values of spatial requirements (i.e., the 

operation distance and/or safety distance), which are stored in the attribute tables, for the site 

objects that have time-space conflict in order to create the spatial requirement area (SRA). The 

SRA is represented by the developed module as a buffer zone that surrounds the site object in 

question and follows the shape of its geometry (exterior boundary), which is calculated and created 

based on the values of the spatial requirements for each site object. Then, the module will run the 

required spatio-temporal analysis by considering all the developed spatial constraints or rules for 

each object on the site (TF and PF) depending on the type of that object, its function, and the 

special spatial relationship between an object and other objects if one exists. For instance, for some 

site objects (e.g., laydown areas), the module will check for time-space conflicts in 2D; whereas, 

for other site objects (i.e., Tower cranes) it will check for time-space conflicts in 3D. If there are 

no spatial requirements (i.e., operation distance or safety distance) in the attribute tables, the 

module will consider only the exterior boundary of the site objects that are in conflict. In case of 

any constraint or rule violation, an alert message will be shown to notify users about the number 

of conflicts while all the information for the site objects in conflict will be written into a 

spreadsheet and saved for later checking and documenting by users. The advantage of using GIS 

is that the site objects in conflict will be highlighted on the screen and only the attributes for the 

site objects in conflict will be highlighted in their associated attributes table.  This saves time and 

effort for users to identify and conduct the required adjustments for the site objects (e.g., TFs) in 

conflict. First, users will check the site layout for any potential conflicts by using the DCD module, 

then they will adjust the layout accordingly and run the DCD module again. This process 

is repeated until no more conflicts are detected. The visualization and data manipulation 
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capabilities included in GIS make it easier for users to see the areas of conflict and to easily adjust 

the facilities of concern in accordance to what is displayed on the screen and found in the generated 

report. Finally, users, if required, can print the final output (layout). Spatial relationships and 

constraints between temporary facilities 

4.5.6.4 Spatial relationships and constraints between temporary facilities:  

The constraints and spatial relationships between the site objects included in the DCD module are 

“interference” and “dimensional”. Some spatial relationships and constraints will be applied as 

general rules to all site objects (i.e., interference) while others (i.e., dimensional) will be applied 

to certain site objects (e.g., site offices) as follows: 

Interference: 

There should never be an overlap between any two site objects while they are onsite at the same 

time. The overlap is defined, in this study, as the intersection that exists between the areas of the 

different site objects involved plus their distance requirements area as depicted by Equation 4.3. 

*, = 	 (!*"! 	+ !)./!) 	∩ 	(!*"" 	+ !)./")          [4.3] 

Where OL is overlap between site objects; SOAx area for site object X; SRASOx is spatial 

requirement area for site object X; SOAy area for site object y; SRASOy is spatial requirement area 

for site object y. 

Dimensional: 

There are different dimensional constraints considered in the DCD module (i.e., operation distance 

and safety distance). Safety distance is further divided into “minimum distance” and “within a 

distance”. In this study, the dimensional constraints will be applied to site objects differently 

depending on the type and function of each site object. 
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a) Minimum distance: 

In case a site object requires a minimum distance from any other site object, the module will create 

a buffer zone around the exterior boundaries of that site object equivalent to that value stored in 

its attribute table (e.g., 5 meters).  Then, the module will check all other site objects for any rule 

violation (i.e., overlapping) as described in Figure 4.24. In this study, this type of constraint will 

be applied to the following TFs: combustive material storage and batch plant. This will be applied 

in order to achieve a minimum distance between them and the site offices, as well as between them 

and the roads. In the case of storage, as shown in Figure 4.26, the module will check for the “stored 

material status”, which is found in the attribute table of the TF. If the status is “Combustive” then 

the module will apply the minimum distance constraint; otherwise, it will only consider the 

interference constraints. 

 

 

 

 

 

 

 

 

 

Figure 4.26: Workflow of applying minimum distance constraint (storage) 
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For some site objects, such as tower cranes, additional steps are considered to conduct especial 

spatial analysis requirements (in this case minimum distance requirements) in respect to height (z 

value) spatial analysis. In this module, for the case of tower cranes, the inherited checking rules 

will be for conflicts in height, which is classified under two main categories that are: a tower crane 

to a tower crane (TC-TC) relationship; and a tower crane to a building (TC-B) relationship. The 

process flow for the special spatial analysis (height) including these said two categories (TC-TC 

and TC-TB) is presented in Figure 4.27. 

 

 

 

 

 

 

 

 

Figure 4.27: Flowchart for special spatial analysis (height) for specific TFs (TCs) 

In the first category (TC-TC), when multiple TCs exist on the site at the same time, the module 

will check to see if the TCs in conflict have the same height or different height in order to identify 

the set of constraints that should be applied, according to the following: 

• The tower cranes (TCs) in conflict have same height: 

In this case, as shown in Figure 4.28, the module will use the minimum distance required between 
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the different jibs for the TCs in conflict and apply it in Equation 4.4. 

H ≥ 	L. JSD               [4.4] 

where; H is the minimum distance required between the jibs of the two different TCs in conflict; 

L.JSD is the largest J.Safety.D (minimum jib safety distance requirement) value between the two 

J.Safety.D values stored in the attribute tables of the two tower cranes (TCs) in conflict. The value 

for the minimum jib safety distance requirement (J.Safety.D) will be stored in the tower crane’s 

attribute table. In case TCs have different minimum distance value requirements, then the larger 

value is the one to be applied. Also, users can override any stored information and apply any value 

for all TCs if needed.  

Figure 4.28: Illustration of the spatial relationship between two TCs with same height 
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• The tower cranes (TCs) in conflict have different heights: 

In this case, the module will check for the minimum distance values required for the two different 

spatial constraints that govern the spatial relationships between jib-to-tower mast (X) and jib-to-

jib (Y) relationships, as illustrated in Figure 4.29, for the different TCs in conflict. The two spatial 

constraints, X and Y, are described as follows: 

i. For constraint X, the DCD model will create a buffer zone around the exterior boundaries 

of the tower mast of the tallest TC to check for potential spatial conflicts between the jib 

of the shortest TC and the tower mast of the tallest TC. The buffer zone is based on the 

value of T.Safety.D, which is the value of the tower mast safety distance that is stored in 

the TCs’ attribute tables. 

ii. For constraint Y, the module will use Equation 4.5, 

Y ≥ 	H. Safety. D              [4.5] 

where, Y is the distance between the jib of the shortest TC and the tower mast of the tallest TC, as 

presented in Figure 4.29; and H.Safety.D is the height safety distance value stored in the TC’s 

attribute table. The height of each TC is stored in its attribute table as well. 

It should be noted that the case of the two TCs with different heights as shown in Figure 4.29 is 

not practical and should be avoided in real life however, in this study the two constraints X and Y 

are developed in the presented model to be applied in case they were needed in extreme cases. 

In the second category (TC-B), the module will identify all the building components that are 

covered by the Jib Operation Area (JOA). JOA is calculated by using Equation 4.6. Then, the 

module will identify the highest building components in the JOA of the TC and apply the minimum 

distance constraint calculated by Equation 4.7. Figure 4.29 shows the distance (V), which is the 

height difference between the jib of the TC and the highest building components in the JOA of the 
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TC. The module will determine the value of V and will check for the value of H.Safety.D that is 

stored in the attribute table of the TC, then it will apply the distance constraint shown in Equation 

4.7. For all other building components that lie beyond the JOA there is no need to run spatial 

analyses to identify conflicts as they are already in the safe zone. The process flow for the height 

spatial analysis, for tower cranes, in the DCD module is illustrated in Figure 4.27. 

JOA= J.L + JSD              [4.6] 

where J.L is Jib length and JSD is jib safety distance. 

V ≥ 	H. Safety. D              [4.7] 

where V is the distance between the jib and the highest building component identified within the 

JOA of the TC, as presented in Figure 4.29, and, H.Safety.D is the height safety distance value 

stored in the TC’s attribute table. 
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Figure 4.29: Illustration of the spatial relationship between two TCs with different height 
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b) within a distance 

Generally, some site objects need to be placed within a certain distance from each other in order 

to have a more efficient construction workflow (e.g., a site office and a site washroom). In this 

case, the distance constraint will be stored in the attribute table of the main site object (MSO), such 

as a site office that requires the other dependent site object (DSO), such as a site washroom to be 

placed within a certain distance from it. This distance constraint will be stored under the field 

‘Within.D’ in the attribute table of the MSO. In case there are multiple, different site objects that 

need to be within a certain distance from a specific site object, then multiple ‘Within.D’ fields are 

required, which should be made unique for each site object to be stored in the attribute table of the 

MSO. The module will create a buffer zone equal to the value of the Within.D stored in the attribute 

table of the MSO. Then, it will identify how many DSOs, if any, are within the boundary of the 

created buffer zone. As shown in Figure 4.30, if there are no DSOs within the Within.D boundary, 

then the constraint is considered violated. If at least one DSO is identified within the boundary of 

the associated Within.D then the relationship is considered valid. In case multiple DSOs (e.g., site 

washrooms) are all within the buffer zone (within a distance) of the MSO (e.g., site office), the 

closest DSO will be selected and associated with the MSO and the rest will be reported as they are 

not associated to any MSO. The module will determine the closest DSO by measuring the distance 

from the centroids of the multiple DSOs to the centroid of the MSO, then the DSO with shortest 

distance to the MSO will be selected. Due to the flexibility of the module, users can modify the 

Within.D as required and whenever is needed. 
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Figure 4.30: Workflow of applying within distance constraint (offices) 

 

c) Operational distance 

It is known that some site objects require an operation distance to function properly. The module 

will create a buffer zone around the exterior boundaries of the site objects equivalent to that value 

that is stored in its attribute table for the operation distance. The module will run the spatio-

temporal analysis to check for any overlap. Users can modify the values for the operation distance 

for all site objects if needed. 

For modifying the TFs’ parameters, users can modify their values in the attribute tables of the 

associated TFs or in the main GDB that is linked to the TFL module, which would be included 

automatically the next time they create a TF using the TFL. As for the IFC (building) components, 

a dialogue named “Set IFC safety distance” that exists in the DCD module will be developed to 

modify the values of the safety distance for each IFC component. The workflow of applying safety 

distance for IFC components is shown in Figure 4.31. Each spatial relationship (constraint or rule) 

between site objects is hard coded and included in the DCD module.  
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Figure 4.31: Workflow of applying safety distance for IFC components 

 

4.5.6.5 Risk/hazard assessment: 

The DCD module will also run a generic risk assessment that will inform users through 

visualization and text (report) about the level of the potential hazard that is involved with the 

conflicts detected between the different site objects in their site layout plan. The proposed checking 

rules that will be included in the DCD module are categorized as follows: 

• Urgent, which is associated with high risky site objects (i.e. Tower Cranes and combustive 

material storage). If any TC has a conflict with any site object (including TFs and PFs) the 

DCD module will consider the risk level to be high, since such conflicts can result in 

immediate fatality, and will display those conflicts in a red color on the map. The same process 

will be applied when a site office or a road has a conflict with a combustive material storage. 

• Very important, which is associated with medium risky site objects (i.e., batch plants). Such 

a facility produces hazardous fumes and if human beings are exposed to it can endanger their 

health over the long term. When such a conflict is detected between that facility and any 

vulnerable site object (e.g., site offices or roads) the DCD module will consider the risk level 

as medium, since such conflicts will not result in immediate fatality, and will display those 

conflicts in an orange color on the map. 
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• Important, which is associated with all the time-space conflicts between site objects. In case 

a conflict is detected between different site objects (including TFs and PFs) the DCD module 

will consider the risk level as important, since such conflicts can lead to a decrease in the 

efficiency on the construction site and a delay in the construction process. such conflicts are 

displayed in a yellow color on the map. 

All the risk levels will be included in both the attribute table of the site objects in conflict and the 

conflict report, while the cells in the spreadsheet will be highlighted in the color corresponding to 

the risk level (i.e., red, orange and yellow for the risk levels urgent, very important and important, 

respectively). In case a facility has more than one level of risk detected (e.g., very important and 

important) the highest level governs and will be displayed on the map and included in the attribute 

table of that site object under the field “Risk level” (which will be automatically generated and 

updated by the DCD module depending on the detected conflicts). Furthermore, the multiple risk 

levels detected, however, will be included in the conflict report generated by the DCD module. It 

should be noted that the presented model in its current state only considers how urgent/intense a 

hazard is but does not take into account the probability of occurrence for hazards (how often a 

hazard occurs). 

4.5.6.6 Conflict Report Generation 

Figure 4.32 shows process flow of feedback for every detected conflict. When a time-space conflict 

is detected by the DCD module, all the necessary information about site objects (TFs and PFs) in 

conflict will be saved into a spreadsheet and a notification message (alert message) will be 

displayed to ask users to review the conflict report generated. If a site object (A) is in conflict with 

site object (B), all the aforementioned information will be saved for both site objects (A and B). If 

a site object is in conflict with multiple site objects, each conflict in the report will be represented 
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in a separate row in the table of the generated spreadsheet, showing the aforementioned 

information for the site object and each of the other site objects with which it has conflict 

separately. 

 

 

 

 

Figure 4.32 Process flow of feedback for every detected conflict. 

The conflict report will include descriptive texts in the field “Type of conflict” that varies 

depending on the type of the detected conflict in order to explain to users the nature of it. This 

includes space conflict, minimum distance conflict, within distance conflict, same height tower 

cranes (TCs) conflict, different height TCs conflict, tower crane and building conflicts. The texts 

will be; space conflict; hazard within range (name of the TF family) and Vulnerable TF within 

range (name of the TF family); required facilities not within range (name of the TF family) and 

Main TF is not assigned (name of the TF family); same height TCs conflicts; different height TCs 

conflicts (Jib-Jib or Tower Mast-Jib); TC and building component conflicts, respectively. 

The information included in the conflict report is as follows: Number of site objects in conflict; 

the main TF category of the site object; TF family; TF type; TF Name (sub-type), starting date and 

finishing date of the conflict between site objects; conflict duration in days. Position of the site 

objects onsite at the time of conflict (The X,Y coordinates, based on the objects’ centroids); a 

description for the type of conflict the site object is having; the risk level of the detected conflict, 
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which will be written in the report and the color associated with the risk level will be shown in the 

background of the associated cell in the report (spreadsheet). 

4.5.6.7 The equations used to identify the time information used in the conflict report. 

One piece of information included in the conflict report is the duration of the conflict between the 

site objects and the durations of the site objects onsite. The following equations show how the 

calculations for the different required durations of site objects onsite. 

Estimated Activity Duration = Estimated Finish Time (EFT) – Estimated Start Time (EST).       [4.8] 

Actual Activity Duration = Actual Finish Time (EFT) – Actual Start Time (EST).                 [4.9] 

Conflict Duration = Duration of TF onsite ∩ Duration of TFc onsite.      [4.10] 

Where TF is the primary temporary facility; and TFc is the temporary facility that has a time 

overlap with the primary temporary facility. 

 

4.5.7 The layers that will be used in the proposed model. 

1) For Building (IFC) components time-space conflicts, the following feature classes are 

used: a) IfcWall_Surface; b) IfcWallStandardCase_surface; c) IfcCovering_surface; d) 

IfcSlab_surface; e) IfcColumn_surface; f) IfcWall_Line; g) IfcWallStandardCase_line. 

2) All the TFs created by the TFL will be checked for potential conflicts by the proposed 

model.  

3) Time-space conflict will be checked for the following permanent facilities: a) Traffic 

signals; b) Tree; c) Roads. 

4) For Tower Crane to Building (TC-B) constraints the following building feature classes will 

be used to check for height conflict: a) IfcWall_Surface; b) IfcWallStandardCase_surface; 

c) IfcCovering_surface; d) IfcSlab_surface; e) IfcColumn_surface. 
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4.6 Summary 

The methodology for the development of the integrated BIM-GIS model for site layout planning 

(SLP) was discussed in this chapter. The intent of the research presented in this thesis is to assist 

site layout planners at the preconstruction phase as well as the construction phase to plan a safer, 

more efficient, and close to conflict-free site layout taking into consideration users interaction and 

applying their knowledge and experience, the space requirements and relationships and constraints 

between site objects (TFs and PFs). The proposed SLP model will be developed based on the BIM-

GIS integration and will be designed in a modular format to assist users during the process of site 

layout planning in an efficient, effective, intuitive and timely manner. This approach for 

development and design will make the proposed model versatile to tackle a variety of issues related 

to SLP and flexible enough to include additional modules and functions that will be required for 

solving further SLP issues in the future. This is achieved by the successful implementation of six 

modules which are a 3D modelling module; a route planning and hauling (RPH) module, an 

execution schedule time entry (ESTE) module; a 4D visualization module; a temporary facilities 

library module; and a dynamic conflict detection (DCD) module. Details about each module 

including its objective, functionalities and requirements, preconditions, and workflow were 

discussed. Some functions required by certain modules (i.e., 3D modeling, 4D visualization, and 

RPH) will be realized by taking advantage of the existing functions in both tools for GIS and BIM 

while new functions had to be developed for other modules (i.e., ESTE, TFL, and DCD). These 

functions will be achieved by using Visual C#, and ArcObjects programming environment, which 

is part of MS Visual Studio©, which will also be used for developing the plugin to open ArcMap 

(GIS tool) from within Revit (BIM tool). In addition, Modelbuildier, which is a visual 
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programming language that is part of the ArcGIS desktop package, will be used to develop the 

ESTE module and suitable area identifiers under TFL. 

The proposed SLP model facilitates the process of creating a 4D model, implementing the concept 

of virtual review of the construction sequence and site layout, by providing a tool (ESTE) that 

makes adding temporal information to single or multiple building components (by direct selection 

or based on locational and functional parameters) an easy and fast process, which decreases the 

intimidation and frustration of users during the creation of 4D models and saves time. The 4D 

capability of the proposed model will be a result of the successful integration between a BIM tool 

and a GIS tool in a way that visualizes the construction progress dynamically. Furthermore, in an 

intuitive manner, users get to select from a wide inventory of temporary facilities (TFs) that 

represents the physical properties (shape and dimensions) and the functional information for the 

TF (constraints and spatial requirements). Also, the TFL module will help users with identifying 

the suitable and available area for placing the TFs they select from the TFL on the map. Through 

the development of a parametric temporary facilities library (TFL) and a rule-based dynamic 

conflict detection (DCD) tool that is compatible with both the TFL and the imported IFC 3D 

model, the proposed model will assist practitioners in checking their site layout plan for potential 

conflicts in 2D and 3D for the whole project duration. Furthermore, the DCD module will assess 

the risk level of detected conflicts and gives feedback in various formats including graphical, 

textual, and tabular. The proposed model will facilitate site layout planning for professionals by 

enabling them to apply their knowledge and experience in the planning process and insuring that 

their design is safe and conflict free to get optimal results in an efficient and timely manner, which 

will contribute in achieving an optimal site layout that provides an efficient and safer work 

environment onsite and will reduce the overall cost of the construction project.   
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CHAPTER 5 

   Model development 

 

5.1 Introduction 

This chapter discusses the development of the proposed BIM-GIS integrated model for site layout 

planning. All of the six modules that are part of that model will be developed and explained in a 

way that gives a clear idea on how each module will look, the steps for using it, and its functions. 

The implementation of those modules will be realized by using some built-in functions in both 

tools of BIM (i.e., Autodesk Revit) and GIS (i.e., ArcGIS desktop) and by creating new functions 

either as an application/extension with a user interface (within the BIM or GIS tool), or as plugins 

that will be linked to the associated tool (BIM or GIS). 

 

5.2 Development of the 3D modelling module  

In this module, as shown in Figure 5.1, the proposed BIM 3D model for a new project should 

contain all the required information for the facility and should be reviewed by users before 

exporting the project file from BIM tool (Revit) as IFC file format (i.e., IFC 2x3) then importing 

it into GIS tool (ArcMap), and then transforming it into the File Geodatabase format by using the 

Data Interoperability Extension in ArcMap. As shown in Figures 5.2 and 5.3, the user will open 

the IFC export dialogue from the main menu in Revit. Then, he/she will configure the different 

IFC export options (e.g., IFC version). The most important thing is to select the option for 

separating the walls and columns by level. This will ensure that these building components will be 

exported with the level information stored in their attribute table. That will serve the functionalities 
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in the model such as 4D visualization which will display the different building components 

individually and independently.  

 

Figure 5.1: Created BIM 3D model in Revit 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2: The IFC export option from main menu 

 

 

Clicking on this 
button will open the 
IFC export menu 

Clicking on this 
button will open the 
Export dialogue 
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Figure 5.3: Configuring the IFC export menu to serve the model requirements 

If needed, users can prepare a material quantity take off (QTO) using the “Modify 

Schedule/Quantities” option in the main menu, as shown in Figure 5.4. before exporting the BIM 

3D model as an IFC file. If this step of preparing the QTO is missed, users can export the QTO as 

a spreadsheet to be associated with the 3D BIM model in the GIS tool later. A plug-in is developed 

and linked to the BIM tool to help users to seamlessly open the GIS tool from within the BIM tool 

as shown in Figures 5.5. This step gives users of the model the sense of a unified environment and 

seamless transition from one application to another. Portion of the development code of the plugin 

is shown in Figure 5.6. As shown in Figure 5.7, users will use the Data Interoperability extension 

in ArcMap to transform the IFC file exported from Revit into a Personal File Geodatabase (GDB) 

format. After this, the GDB is imported into ArcMap including the 3D model for the new project 

with its associated attributes. Users will also import all the different layers required for the project 

including the transportation network, topographical and soil information, the construction site, etc. 

 

Selecting this option 
will split the walls and 
columns by level 
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Figure 5.4: Material QTO made by Revit (BIM tool) 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: The plugin to open ArcMap within Revit 

Click here on plugin to open ArcMap 

within Revit 

Clicking on this 
button will open the 
QTO menu, which 
allows users to 
create the QTO they 
require 

The developed 
plugin which 
allows users to 
open ArcMap 
from within Revit 

ArcMap responded to 
the click on the 
developed plugin and 
is opening for users to 
pursue the SLP process 
in ArcMap 
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Figure 5.6: Development code for the plugin to open ArcMap within Revit 

 

 

 

 

 

 

 

 

 

 

Figure 5.7: Using the data interoperability extension to import IFC files 

The 3D model will be imported into ArcMap as different layers (feature classes) that represent the 

different building components (e.g., floor, slabs, windows, doors, etc.) in accordance with the IFC 

schema. Each feature class will contain the geometrical and functional information for the building 

Click to Select file format 

Click to Select IFC file 

An IFC file 

Click to open the 
Quick import 
dialogue 
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components. However, the shape and functional information included in its attribute table will 

vary depending on the building component. Users have various options to examine the imported 

3D model as shown in Figure 5.8. They can select the inquiry option and click on the building 

component they would like to inquire about or they can select the layer (feature class) that 

represents certain building components (e.g., ifcDoor_Surface) and open that layer’s attribute table 

to find all the information about these building components. If users need more information than 

what is automatically transformed with the imported IFC 3D model, they can associate the 

information QTO they prepared or they prepare a new one, which they export as a spreadsheet 

with the imported IFC building components. This is done by using the “join table” option in 

ArcMap, which will enable users to enrich the feature classes (layers) of the imported 3D model 

with the information they want.
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Figure 5.8: Options to examine the imported 3D model 
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5.3 Development of the route planning and hauling (RPH) module 

In this module, the Network Analyst tool in ArcMap will help users to identify the most efficient 

(safest and shortest) route between two points. First, users will identify the supply and demand 

points (for instance, for the materials/waste needed for loading and hauling) by using the “identify 

locations” button as shown in Figure 5.9. In case hazardous materials are being transported, users 

can identify restriction points on the map (e.g., schools, hospitals, or highly populated areas) by 

using the same button “identify locations”.  Then, users will calculate the most efficient route by 

clicking on the solve route button as shown in Figure 5.9. In addition, the model will assist users 

in choosing a suitable location for the supply and demand points by supplying information related 

to the transportation network, the quantities and volumes of building components and materials, 

and helping users with estimating and categorizing the potential waste that is generated onsite 

based on the three waste categorization approaches (i.e., building component, type of material, and 

material’s condition). As shown in Figure 5.10 users can use the “summary” option when they 

open the attribute table of the layer of the building components they like to get information about 

(e.g., ifcDoor_Surface) and produce tables that contains information about the quantities, volume, 

names of the different building components included in that layer. Also, users can do this based 

on functional and locational attributes, which is possible because of the spatial analysis capabilities 

of GIS, which will assist users in identifying the information or objects, such as quantities of 

building components, based on functional and locational attributes. By knowing the quantities of 

materials to be transported, truck capacity, average speed of the truck, and the distance of the trip, 

the total trip time users can estimate the number of trucks needed for loading and hauling 

operations. 

 



 

149 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9: Selecting the shortest route between two points 

 

 

 

 

 

 

 

 

 

Figure 5.10: Selecting the shortest route between two points 

Information such as volume, building material (e.g., concrete, steel, wood, glass, etc.), material 

condition (i.e., recyclable, reusable, and total loss), building component (wall, window, door, floor, 

etc.), and weight need to be associated with corresponding features in the ArcMap to enable 

Open attribute table for selected route 

Automatically 
identify the shortest 
route by clicking 
on the Solve button 

Use this button to 
move the identified 
points on the map to 
different location 

Identify locations (points) on the 
map to calculate the efficient route 
between them. (this include 
identifying restrictions points) 

Right click on the field and click on summary button Summary menu 
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locating, estimating, and categorizing the materials and or potential waste generated onsite. 

However, not all information related to a facility that is found in the 3D BIM model is included 

within the IFC schema. Also, due to the interoperability issues between BIM and GIS limitations 

and information loss in the data transformation for both geometrical and functional attributes is 

inevitable. This causes an issue in associating some of the required information to its 

corresponding layer as it cannot be found in the transformed file. Thus, in this study some data 

from the spreadsheet could not be associated with corresponding components. Accordingly, the 

available data within the geodatabase (transformed from IFC) and the added data (from joining the 

information spreadsheet with the corresponding layers) such as length, width, volume, floor level, 

material name, GUID, and component description is used; and other information (i.e., 

material/component condition) was entered manually for the purposes of testing and verifying the 

presented model. 

It should be noted that developing an automated model for waste management is beyond the scope 

of this research and is not part of it. The reasons for introducing such methodology (for estimating 

and categorizing the building components and potential waste generated onsite) in this study that 

is discussed in this section are: a) knowing the locations and quantities of materials and or waste 

generated onsite is a topic interrelated with the route planning process, identifying accessibility, 

and site logistics planning where this will help users to more accurately identify suitable locations 

for supply and demand points as was discussed in the literature review; b) to demonstrate the 

versatile capabilities and expandability potential of the presented BIM-GIS model to perform and 

include other analytical tasks that go beyond the scope of the site layout planning process but are 

related to the AEC industry; c) integrating the concept of sustainability with the SLP process, 
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which is an overlooked area in most of the previous studies; which have only incorporated material 

procurement and site layout planning and did not consider D&R waste. 

 

5.4 Development of the Execution Schedule Time Entry (ESTE) module 

To facilitate the use of the proposed model, all the user interfaces developed for the ESTE, TFL, 

and the DCD modules are included in a single toolbar, called “ArcSPAT”, which is available in 

the toolbar menu of ArcMap. The name ArcSPAT consists of the two parts: Arc is an abbreviation 

used in the field of engineering and is associated with drafting, while SPAT is an abbreviation for 

Site Planning Assisting Tool. Figure 5.11 shows the main toolbar called ArcSPAT, which contains 

the main extensions (applications) that are developed in this study to help users plan the site layout 

for construction. By clicking on the ESTE extension as shown in Figure 5.11, the user interface 

(UI) that is developed for the ESTE module will open as shown in Figure 5.12. The ESTE module 

facilitates the creation process of 4D models for users. It allows users to enter the information for 

EST, EFT, AST, and AFT individually or simultaneously for a single or for multiple building 

components based on locational and functional attributes. 

Figure 5.11: Opening the ESTE extension from the developed ArcSPAT tool bar 
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Figure 5.12: UI of the ESTE extension and features selection via query builder 

Users can select the layers (feature classes) where they want to enter the temporal information to, 

and they can specify the exact date and time based on the information found in the construction 

schedule for the project. The ESTE module at the back end will add two time-fields (four in total) 

for the Start Time and Finish Time (Estimated and Actual for each) and fill the column value with 

dates entered by users for the selected objects in the specified Feature class or layer (e.g., ifcWall). 

The module is configured to ignore the fields that are not specified (entered) and accordingly 

decide how many fields it will create. If time fields already exist, the ESTE will not recreate them 

and instead it will just fill them out or update previous values with the new entries. Users will 

select the date and time information to be allocated to the selected features (building components 

or activities) from the date menu as shown in Figure 5.13. Users can identify the features based on 

locational and thematic attributes using the BIM-GIS model. For example, using the query builder, 

as shown in Figure 5.12, users can select, based on thematic attributes, a certain column or a certain 

slab on a specific level or floor. In addition, users can combine both locational and thematic queries 

Identify objects based on attributes or leave blank 
to select all objects in the selected layer 

Click to get the 
unique values 
included in the 
layer you want 
to inquire about 

Click here to open 
the Query builder 
which helps users to 
identify components 
based on attributes 

Click here to open the date menu which helps users to 
select the time to be added to features 

Query 
builder 
menu 
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to identify the activities they seek to allocate time to. For instance, users can select all walls with 

a specific area that are located on a certain location or a certain part of the site. If users, while 

allocating time information to activities, need to quickly review the values for a certain field in the 

attribute table for a layer, they can do that using the “Get Unique Values” option highlighted in 

Figure 5.12. This helps users to check for a certain value (e.g., a certain wall) they want to include 

in the query process. This module will be used to enter the time information for the TFs as well. 

 

 

 

 

 

 

 

 

 

 

Figure 5.13: Selecting time to be added to features using the date menu in the ESTE module 

 

5.5 Development of the 4D Visualization module 

In this module, users will have to enable the time for the layers that contain the building 

components that they would like to display on screen before they use the Time Slider tool in 

ArcScene as shown in Figure 5.14. Users will have to set up the available options according to 

their needs, which include selecting the corresponding time fields, and time intervals for the 

sequence display on screen, whether to display feature classes cumulatively or just for the time 

they are onsite, etc. For example, some feature classes like walls and flooring have only Start Time; 

Users will select the 
date and time from 
the available options 
using this date menu 
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thus, users should be able to get an option to skip the end date as some building components will 

always be there once the building is installed, unlike, for instance, tower cranes that will be 

removed after their job is done. Figures 5.15 and 5.16 show the options available in the Time Slider 

tool where users get to configure and set up the way they would like to review the 4D model and 

how it will be displayed on the screen. This include time interval and date and time format. 

Furthermore, by using this module, users can review the construction progress and, accordingly, 

confirm or make modifications to the construction execution plan and they can assign or modify 

the number of TFs required for an efficient construction process. In addition, users can select 

different start time and finish time fields such as estimated time or actual time and run the module 

to compare between the different scenarios of actual time construction simulation and estimated 

time construction simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.14: Enabling and configuring options of time for layers in GIS. 

Click on properties 
of layers to set up 
time features from 
the time window 

Check box 
to enable 
time for 
layers 

Start and finish time fields 
will be selected automatically 
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different options for time 
to be displayed (e.g., 
time interval) 
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Figure 5.15: Options in the time slider tool 

 

 

 

 

 

 

 

 

 

Figure 5.16: Time extent of the construction project 

The fields will automatically show the start time and end 
time of the construction project based on the temporal 
information stored in the layers 
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time format to be 
displayed by the 
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5.6 Development of the Temporary facilities library (TFL) module 

Users will open the TFL from the created ArcSPAT tool extension as shown in Figure 5.17. Figure 

5.18 shows the developed user interface (UI) of the temporary facilities library (TFL) and the tree 

hierarchy for the TFs it contains. When users use this module for the first time, they have to select 

the reference GDB for TFL and the output GDB for the site they want to plan as shown in Figure 

5.19. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.17: User interface (UI) for the TFL 

Click here to open TFL 
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Figure 5.18: The developed user interface (UI) for the TFL 
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When users use this module for the first time, they have to select the reference GDB for TFL and 

the output GDB for the site they want to plan as shown in Figure 5.19. The selected path for 

reference GDB will be stored permanently in the UI of the TFL; however, the output GDB will be 

temporarily stored in the TFL main dialogue so that this step will not be repeated for the same 

project or during the same session of the planning process and this step is required for new projects 

(or planning process). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.19: Selecting the reference GDB for TFL and the output GDB 

Illustrative pictures 
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Afterwards, users will follow the tree hierarchy in the TFL’s UI to select the TFs required for the 

construction process, choose the location for the selected TFs onsite, and create them after clicking 

on the chosen place on the map where they want to position the selected TF (e.g., an office) as 

shown in Figure 5.20. At the back end, the selected TF from the reference GDB will be pasted in 

the output GDB along with its associated attributes. The centroid for the selected TF will be placed 

on the exact selected point on the map. Once users click on the save button, features (TFs) will be 

permanently stored in the output GDB under the related feature class (layer or family). The 

coordinate system for the placed TF will match the coordinate system of the file users are working 

on. There are two cases for allocating the coordinate system for the placed (imported) TF: 1) if 

there is no layer previously created, the model will create a layer (family) and add the selected TF 

to this family and allocate the same coordinate system of the reference GDB for the TFL; 2) if a 

layer exists, the  model will add the selected TF to that layer and copy the coordinate system of 

that layer so that all the TFs contained within it have the same coordinate system. All this is done 

automatically. 

Figure 5.21 shows the geometry of the TFs included in the TFL while Figures 522 and 5.23 show 

the information included in the attribute table of every TF included in the TFL. Users can edit the 

geometries of the TFs as needed without compromising the functionality of the presented SLP 

model in predicting time-space conflicts. Also, users can save the modified TF to be used for other 

prospective projects. Users will also have an option to modify the existing parameters (e.g., safety 

distance, etc.) for any of the TFs included in the TFL.
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Figure 5.20: Creating temporary facilities using the TFL model 
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Figure 5.21: Temporary facilities (TFs) included in the temporary facilities library (TFL) 

 

Offices 
 

Batch plants 
 

Labs (geotechnical lab) 

Storage 
 

Storage area Storage units 

Cranes (tower cranes) 
 All the tags (labels) that are shown on every TF describe the name and 

dimensions of that TF (e.g., Site_office_4_12) 
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Figure 5.22: Attribute tables of the TFs included in the TFL (1 of 2) 

 

All TFs will have fields to define the category, 
family, type, and sub-type they belong to 

 

All TFs will have fields to describe their dimensions (length, 
width, height, etc.) in Metric system (the unit is meter) 

 

Based on their functions, some TFs such tower cranes have extra fields 
(dimensions and space requirements) that are needed for certain calculations  

All TFs have fields for operational distance while some TFs have also fields for safety distance (the distance unit is in meter)   

The field “WC within distance” will be used to apply the “within distance” 
constraint between offices and site washrooms (distance unit is meter) 

Note: All the dimensions and distance in the attribute tables 
of TFs are in Metric system (the unit is meter) 
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Figure 5.23: Attribute tables of the TFs included in the TFL (2 of 2)

The field “Material status” will be used by the DCD module to determine the whether or not the stored materials are combustive 
and based on that status the module will select appropriate field to participate in applying the “minimum distance” constraint 
between combustive storage and offices as explained in chapter 4 

In case the material status is “combustive materials”, the field of “safety distance 
from offices” will be selected otherwise, the “safety distance” field will be selected  

The fields for shape length (perimeter) and shape area will be updated automatically in case users modified the 
TF’s geometry. Any modification to the geometry will not affect or impede the functions of the DCD module 

Note: All the dimensions and distance in the attribute tables 
of TFs are in Metric system (the unit is meter) 
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The data type of every field in the attribute is depending on the function of that field. For instance, 

for names (e.g., the name of the category or the family of a certain TF that belong to) the data type 

of the associated fields is selected as “Text”, while for some fields it will be used for calculation, 

such as safety distance or operational distance, the data type of the associated fields is selected as 

“Double”, which is a numerical type of data. This organization is used for all the TFs that are 

categorized under one family (feature class or layer). Figure 5.24 shows the data type for some of 

the fields created for the family (layer) of cranes. All the values for operational distance and safety 

distance can be modified by users and will be used by the DCD module when applying the 

predefined rules for constraints and constriction between site objects. 

 

Figure 5.24: Data type of the created fields in the attribute table of the TFs 

In addition, in this module users can identify a suitable and available area on the construction site 

by using the developed tool called SAI (suitable area identifier). Figure 5.25 shows the 

development of the SAI using the ModelBuilder in ArcGIS while Figure 5.26 shows the developed 

UI for the SAI, which will use the input layers (i.e., roads, building, and site objects).
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Figure 5.25: Development of the SAI using the ModelBuilder in ArcGIS  
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Figure 5.26: UI for the suitable area identifier (SAI). 
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The developed SAI tool will automatically identify the required input layers (i.e., building area, 

roads, and site objects) required by the tool for the process to generate the suitable area. Users can 

check and modify, if needed, the values assigned for the safety distance required for the different 

input layers and then click ok to generate the suitable area onsite. Users will select the default path 

for the file (e.g., geodatabase) where the layer for the generated SA will be saved. 

Moreover, in this module, users can identify the suitable area for specific TFs such as tower cranes 

(TCs) by using the developed tool called SAITC (suitable area identifier for tower cranes). Figure 

5.27 shows the development of the SAITC using the ModelBuilder in ArcGIS.  

Figure 5.27: Development of the SAITC using the ModelBuilder in ArcGIS 

Figure 5.28 shows the created UI for the developed tool, which will automatically identify the 

layers required for this process (i.e., suitable area and the supply and demand points). Afterwards, 

users will enter the jib length of the TC they want for the project and click “ok” to identify the 

suitable area (SATC) for that tower crane. The generated suitable area for TC can be too large 

depending on the length of the jib for the selected TC. This will give users an indication that the 

TC they selected for the project is larger than what might actually be needed for the construction 

process, in this case, users can select a smaller TC and use the module again to identify the new 

suitable area for the smaller TC. Also, the lifting capacity for a TC changes based on the length of 

the jib as it increases as the jib length gets shorter and vice versa. Users can identify the suitable 
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area for a TC, not only based on the maximum jib length, but also based on any length they decide 

is  appropriate, such as the minimum jib length, for finishing the task for which they need the TC 

and generate the suitable area based on that length. In addition, it is possible that the module does 

not generate a suitable area for the selected TC based on the maximum jib length, this gives users 

an indication that one TC is not enough to cover the target tasks and accordingly a bigger TC or 

more than one TC may be required to cover those tasks. This shows that the module can also help 

users decide and select the number and type or size of some of the TFs that they require to support 

the construction process such as tower cranes. 

 

 

 

 

 

 

 

 

 

 

Figure 5.28: UI for the suitable area identifier for tower cranes (SAITC). 

Furthermore, the presented BIM-GIS SLP model can provide users with various information such 

as topographical and soil information, which will help users to make better judgments on locating 

the supply and demand points as well as some of the TFs (e.g.,  storage areas, laydown areas, etc.) 

on a construction site. Figure 5.29 shows the boreholes conducted for the Ottawa-Gatineau area in 

Ontario, Canada.  
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identifier (SAI) 

The input fields will be selected 
automatically by the SAI as 
explained in chapter 4 

Users enter and modifies the jib 
length of the TC they will use 

Click ok to generate the suitable area for TC 
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Figure 5.29: Boreholes conducted for the Ottawa-Gatineau area
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Figures 5.30 and 5.31shows soil information gathered from selected boreholes that are close to the 

Ottawa area (Agriculture and Agri-Food Canada, 2019), which can be used by users to make 

efficient choices on the aforementioned task. In addition, Figure 5.32 shows some of the soil 

information for the Ottawa-Gatineau area (in Canada) from a detailed soil survey (DSS) 

(Agriculture and Agri-Food Canada, 2013) that also can be used by users to make informed 

decisions on the previously mentioned task. This includes information about the surface slope 

degree, water table, drainage, types and names of the existing soil, etc. Moreover, Figure 5.33 

shows the TIN layer, which visualizes the topographical information for the site to show the 

difference in terrain and elevation. Users can use topographical and soil data gathered from 

authorized and specialized sources such as the sources used in this study (i.e., Agriculture and 

Agri-Food Canada, 2013; Ontario Ministry of Energy, 2017; and Agriculture and Agri-Food 

Canada, 2019) and provided in the integrated model or they can add their own soil data to the map. 

The integrated model enables users to visualize, retrieve and query the topographical and soil 

information they require about the different locations and points on the construction site, which 

allow them to choose more appropriate locations to place the TFs selected from the TFL on the 

map. Furthermore, users can use the model to export the soil information they require in multiple 

output types including report (textual), MS access database (tabular), and graphical (graphs), as 

shown in Figure 5.34. This is one of the model’s capability to provide users with a data-rich 

environment that includes information about the building, transportation network, and 

topographical and soil information that will support their decision while planning the site layout 

and locating the supply and demand points and selecting the appropriate temporary facility for 

supporting the construction process. Also, the integrated model provides a unified environment 

where users can import and use available GIS data and/or create and include their own data. 
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Figure 5.30: Some of the soil information included in the boreholes 
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Figure 5.31: Some of the soil information included in the boreholes  

 

 

Figure 5.32: Some of the soil information included in the DSS 
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Figure 5.33: TIN layer for the construction site shows the difference in terrain and elevation 
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Figure 5.34: Different outputs for soil information can be generated by the integrated model 

 

 

Click to produce charts (e.g., vertical charts or pie charts) 

Click to produce reports 

Click to export the attribute table as a new table that can 
be opened by database software such as MS Access 
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5.7 Development of the Dynamic Conflict Detection (DCD) module 

 

The developed user interface (UI) for the developed DCD tool/application is shown Figure 5.35. 

Users will open the DCD application and select the current GDB for the site layout plan they are 

working on to check for potential conflicts, as shown in Figure 5.35. Also, users can modify the 

safety distance parameters related to the IFC building components from the IFC safety distance 

dialogue as shown in Figure 5.35. In addition, users will select a name and location to save the 

conflict report, which is generated by the DCD tool. Afterwards, users will click on the “Detect 

conflicts” button to start the dynamic conflict detection process for the site layout plan, then the 

DCD module will run and notify users if any conflicts are detected with a short message, in case 

conflicts are detected, it will ask users to check the generated conflict report generated. The site 

objects in conflict will be highlighted on both the screen and their attribute tables. Some TFs may 

have more than one conflict and probably with different levels of risk. In this case, all the different 

conflicts will be included in the conflict report as shown in Figure 5.36, however only the attributes 

associated with the highest level of risk between the detected conflicts for that TF will be visualized 

on the map and included in the attribute table for that TF. Figure 5.36 provides explanations for 

the conflict report that is generated by the module. The DCD module assists users to detect 

conflicts in 2D and 3D during the whole project’s duration by using a rule-based dynamic conflict 

detection (DCD) tool. Parts of the development code for the DCD tool are presented in this 

paragraph to show how the constraints and restrictions rules between the site objects are 

incorporated in the DCD module however, the complete coding for the developed tool for the DCD 

module and the TFL module is provided in appendix I of this thesis.  Part of the code that describes 

how the module identifies time-space overlap between two site objects for all the different cases 

of time overlap is shown in Figure 5.37.
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Figure 5.35: The developed UI for the implemented DCD tool 

 

 

Click here to open 
the DCD tool 

Click here to set up safety distance dialogue for IFC components  

Click here to start the dynamic conflict detection process  

After modifying the site layout click here 
to refresh the GDB for the workspace in 
order to reflect recent modifications (e.g., 
adding or deleting a TF) before running 
the DCD again. 

Users will click here to select the GDB for 
the site layout they are currently working 
on in the workspace 

Users will select the name and location to 
save the conflict report generated by the 
DCD tool 
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Figure 5.36: Conflict report showing information about the site objects in conflict 

These two sections 
show the attributes 
of the two TFs that 
are in conflict. 

This row shows 
the number of 
conflicts detected 
between TFs. 

Multiple conflicts detected, with different risk level, for the same TF (i.e., 
Site office 4_12) 

The highest level of risk that is 
allocated by the DCD module 
for any detected conflict is 
represented in the conflict 
report at the corresponding cell 
(i.e., risk level) by the red 
color and the text “urgent”. 

The intermediate level of risk 
that is allocated by the DCD 
module for any detected conflict is 
represented in the conflict report 
at the corresponding cell (i.e., risk 
level) by the orange color and the 
text “Very important”. 

The lowest level of risk that is 
allocated by the DCD module 
for any detected conflict is 
represented in the conflict report 
at the corresponding cell (i.e., 
risk level) by the yellow color 
and the text “important”. 

This section shows 
the information 
regarding the 
conflict detected 
between TFs. (i.e., 
conflict’s duration, 
type, and risk level) 



 

178 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.37: Part of the coding for the DCD module to detect conflicts between site objects. 

This part includes the expression used 
by the DCD to detect time overlap 
between site objects  

This part adds the detected conflicts to 
the conflict report including the type of 
the conflict detected and the risk level 
associated with it 

This part is for buffering TFs based on 
the operational distance which is stored 
in their attribute table 

This part is for buffering the IFC 
building components based on the 
values of the safety distance 
identified for each component. 



 

179 

 
 

Figure 5.38 shows part of the development code for applying the “minimum distance” constraint between storage for combustive 

materials and site offices while Figure 5.39 shows part of the development code for the same constraint between batch plants and both 

offices and roads. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.38: Part of the coding for the DCD module to detect minimum distance conflicts 

 

 

This part is for checking the 
material status (combustive 
materials or otherwise) to determine 
which distance requirement to be 
selected and implemented in the 
checking for time-space conflict. 

This part is for selecting the right 
field of distance requirement based 
on the identified material status. 

This part is for generating an alert message 
if the “safety_Distance_from_Offices” 
field is not found. 
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Figure 5.39: Part of the coding for the DCD module to detect minimum distance conflicts 

This part of the code is for 
checking the batch plants 
against the different vulnerable 
site objects (roads and offices) 
to apply the minimum distance 
constraint 

This part of the code 
is for selecting the 
right spatial 
requirement field 
(safety distance field) 
to check if any 
vulnerable site objects 
violates the minimum 
distance constraint 
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Figure 5.40 shows part of the development code for the DCD module to apply the “minimum distance” constraint to detect both 

categories of (TC-TC) conflicts (i.e., between tower cranes or TCs of the same height and between TCs with different height). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.40: Part of the coding to detect both categories of (TC-TC) conflicts

This part of the code is for selecting the 
largest jib safety distance (LJSD) in case two 
TCs in conflict and have the same height 

This part of the code is for 
checking if the TCs in 
conflict have the same height 

This part of the code is for buffering the two 
TCs in conflict based on the largest jib 
safety distance (LJSD) in case they have the 
same height 

This part of the code is for 
buffering the two TCs in 
conflict, in case they have 
the same JSD and the same 
height, based on that JSD 

This part of the code is including the detected TC-TC conflicts and the risk level associated 
with it in the report 

This part of the code is for the two TCs in 
conflict in case they have the different 
height. The shorter TC will be buffered 
based on the jib length as well as the taller 
TC. Also, the mast of the taller TC will be 
buffered based on the “towerSafetyDistance” 
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Part of the development code to detect the conflicts of the TC-B category is shown in Figure 5.41. 

 

 

 

 

 

 

 

Figure 5.41: Part of the coding to detect minimum distance constraint for TC-B conflicts 

For the “within distance” constraints, Figure 5.42 shows part of the development code to apply 

this constraint between site office and site washrooms/restrooms. Figure 5.43 shows part of the 

development code for the DCD module to apply the “operational distance” constraints between 

site objects.

This part of the code is for the rules of 
the category of TC-B of TC conflicts. 
The constraint is that the height of the 
building components should be less 
than the crane height and the difference 
should be larger than the 
“heightSafetyDistance” as explained in 
chapter 4 
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Figure 5.42: Part of the coding for the module to apply the “within distance” constraints 

This part of the code is for reporting a conflict when no 
site washrooms (DSO) exist within the specified “within 
distance” of any site office (MSO). This will include the 
conflict and the risk level associated with it. 

This part of the code is for finding the closest site 
washroom (DSO) when multiple site washrooms exist 
within the specified “within distance” from a site office. 

This part of the code is for reporting detected conflicts and include the risk level associated with it. 

This part of the code is for checking if one site washroom (DSO) exist completely 
within the specified “within distance” in the attribute table of site offices (MSO). 

This part of the code is for assigning 
the closest site washroom (DSO) to the 
site office,  

This part of the code is for reporting detected conflicts and include the risk level associated with it. 

This part of the code is for creating a list in case multiple site washrooms 
(DSO) exist within the specified “within distance” of a site office (MSO) 
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Figure 5.43: Part of the coding for the module to apply the operational distance constraints 

 

 

 

This part of the code is for selecting the appropriate 
field for spatial requirement (i.e., Operational distance) 
to check for time-space conflicts between site objects 
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In the development code there is a part, included in the developed rules for every type of constraint, 

that makes the module in case a conflict or rule violation is detected to include that instance 

(detected conflict) in the conflict report that is generated by it after finishing the rule checking 

process. Figure 5.44 illustrates an example (for tower cranes) on how the detected conflicts are 

reported and also how risk level is being assessed and reported as well. Figure 5.45 shows the 

different fields (rows) included in the conflict report including layers name, type of conflict, risk 

level etc. It also, shows how the risk level color codes (e.g., red) will be included in the conflict 

report with their corresponding text (e.g., urgent). 

 

 

 

 

 

 

 

Figure 5.44: Part of the coding that shows risk assessment for detected conflicts (for TCs) 

 

 

 

 

 

 

 

 

 

Figure 5.45: Part of the coding for the fields included in the conflict report 

This part of the code is for 
displaying the detected conflict 
with the color associated with 
the risk level 

This part of the code is for including the layer’s name, type of 
conflict, risk level and associated color and text in the conflict report 

This part of the code is for 
including the required fields in 
the conflict report as explained 
in chapter 4 

This part of the code is for giving a meaning to the color 
code when including the risk level in the attribute table 
of site objects and the conflict report (e.g., “Red” means 
“urgent”). 
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5.8 Summary 

This chapter focused on the development of the integrated BIM-GIS model for site layout 

planning. Two methods were followed while developing the model: 1) using the built-in functions 

that already exist in both tools for BIM (i.e., Autodesk Revit) and GIS (i.e., ArcGIS desktop); 2) 

new functions were created either as an application/extension with a user interface (within the BIM 

or GIS tool), or as plugins and linked to the associated tool (BIM or GIS). The developed model 

was implemented in a modular format consisting of six modules 1) a 3D modelling module; 2) a 

route planning and hauling (RPH) module; 3) an execution schedule time entry (ESTE) module; 

4) a 4D visualization module; 5) a temporary facilities library module; 6) and a dynamic conflict 

detection (DCD) module. The methodology used in the development makes the integrated BIM-

GIS model flexible to accept modifications, to be expanded to include more functions, and to tackle 

a verity of tasks related to site layout planning (SLP). The processes for developing the six modules 

were explained in a step by step manner using illustrative Figures and explanations. The developed 

SLP model provides users with various functions to assist them apply their knowledge and bring 

their expertise in planning the layout for a construction site that is efficient and safe in an intuitive 

and timely manner. Also, it provides users with an information-rich environment with a wide range 

of spatiotemporal analysis capabilities and a variety of feedback and outputs including textual, 

graphical, and tabular, which supports and facilitates the decision-making process for practitioners 

during the SLP process. Finally, the functionalities and capabilities of the presented SLP model 

will be tested and verified in chapter 6.
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CHAPTER 6 

 Model testing and verification 

 

6.1 Introduction 

This chapter provides the testing verification of the developed integrated BIM-GIS model for site 

layout planning. Each module will be presented in a way that provides a clear idea on the capability 

of it, its functions, and its outcomes. A hypothetical case project will used to test and verify the 

workability, functions, and performance of the different modules included in the developed BIM-

GIS integrated model for SLP. A 3D BIM model was created by the author for three different 

buildings, including the building under construction, which is a six-storey residential apartment 

building, and two other two-story buildings surrounding it. The total gross area of the case project 

is 16,190 ft2. The case project was selected to be in the city of Ottawa, Canada. All the information 

(provided by the City of Ottawa) regarding the transportation network, land distribution, and land 

use for the selected project area was obtained from Carleton University in the form of a shape file 

(.shp format). A total  number of 21 temporary facilities will be used in the case project, which are 

2 batch plants, 3 storage units, 3 storage areas (i.e., laydown area, brick depot, gravel depot), 3 site 

offices, 3 site washrooms, 1 geotechnical lab, 3 workshops (i.e., carpentry, rebar workshop and 

landscape workshop), and 3 tower cranes. Also, additional site objects, categorized as permanent 

facilities, such as trees, are included as well. The developed model will be used to plan the site 

layout of the case project and check the site layout plan for any potential clashes or issues. The 

BIM tool used in this study is Autodesk Revit while ESRI ArcMap is used as the GIS tool.  
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6.2 Testing and verification of the developed 3D modelling module  

  

Once the BIM 3D model was created as sown in Figure 6.1, it was exported using the IFC export 

dialogue from the main menu in Revit as an IFC 2x3 file as shown in Figures 6.2 and 6.3. The 

option to split the walls and columns by level was checked as shown in Figure 6.3. to ensure that 

the building components will be divided by floor level in the exported 3D model and that the level 

information will be stored in their attribute table. This will enable the 4D simulation for the 

exported 3D model to be executed properly, which allows to display the different building 

components individually and independently. 

 

Figure 6.1: Created BIM 3D model in Revit 
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Figure 6.2: Selecting the IFC export option from main menu 

 

 

 

 

 

 

 

 

 

Figure 6.3: Configuring the IFC export menu 
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Figure 6.4. shows how the material quantity take off (QTO) is made by using Revit before 

exporting the BIM 3D model as an IFC file. This step is done when information needs to be 

associated with the 3D model in the GIS tool. Figures 6.5 and 6.6 show the developed plugin and 

how it is managed by clicking on it to open GIS tool from within BIM tool. This will to facilitate 

the data transition from one working environment to another. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Using Revit (BIM tool) to prepare Material QTO  
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Figure 6.5: A plug-in to open GIS (ArcMap) within BIM (Revit) environment 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: ArcMap is opened using the plug-in created in Revit  

Click here on plugin to open 

ArcMap within Revit 
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Figure 6.7 shows how the Data Interoperability extension was used in ArcMap to transform the 

IFC file exported from Revit into a Personal File Geodatabase (GDB) format. After this, the GDB 

was imported into ArcMap including the 3D model for the facility with its associated attributes. 

 

 

 

 

 

 

 

 

 

 

Figure 6.7: Importing IFC file with data interoperability tools 

The 3D model is imported into ArcMap as different layers (feature classes) that represent the 

different building components (e.g., floor, slabs, windows, doors, etc.) in accordance with the IFC 

schema as shown in Figure 6.8. Each feature class will contain the geometrical and functional 

information for the building components it represents, and depending on the building component, 

the shape and functional information included in its attribute table will vary. If more information 

is needed than what is automatically transformed with the imported IFC 3D model, we can 

associate the information QTO, which was prepared or we create a new one, which is exported as 

a spreadsheet with the imported IFC building components, as shown in Figure 6.9. This will enrich 

the feature classes (layers) of the imported 3D model with the required information, as illustrated 

in Figure 6.10. 

Click to Select file format 

Click to Select IFC file 
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Figure 6.8: IFC 3D model after being imported into ArcMap 

 

 

Figure 6.9: Spreadsheet for material QTO after being imported into ArcMap 
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Figure 6.10: Information in QTO spreadsheet associated with its corresponding components 

 

 Asterisk indicates that field is being used for associating 
information between spreadsheet and corresponding components in 
target layer 
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6.3 Testing and verification of the developed route planning and hauling 

(RPH) module 

 

The RPH module was used to identify the task points (supply point and demand point) for the 

materials/waste and then to calculate the most efficient route by using the Network Analyst as 

shown in Figure 6.11. Knowing the average speed of the truck and the distance of the trip, the trip 

time can be calculated as shown Figure 6.11. Also, by knowing the quantities of materials to be 

transported, truck capacity, average speed of the truck, and the distance of the trip, the total trip 

time, the number of trucks required for hauling and moving operations can be estimated. Figures 

6.12 and 5.13 show how the model is used to implement the common methodology used in the 

literature (number of loads/ trips) to estimate the required number of trucks. 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: Selecting the fastest route between two, supply and demand, points 

 

Select demand point on the map Open attribute table 
for selected route 

Select supply point on the map 

Click on solve to identify 
the shortest route 
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Figure 6.12: Common methodology for estimating the number of trucks (number of loads) 

 

 

 

 

 

 

 

 

 

 

Figure 6.13: Common methodology for estimating the number of trucks (number of loads) 

 

Double click to open table 
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In addition, the integrated BIM-GIS model assists users in choosing a suitable location for the 

supply or demand points by estimating and categorizing the volumes of building components or 

potential waste generated onsite based on the three waste categorization approaches as seen in 

Figures 6.14, 6.15 and 6.16. Furthermore, the model is used to identify the quantities of building 

components or waste based on functional and locational attributes, as shown in Figure 6.17. This 

is possible because of the spatial analysis capabilities of the integrated model. 

 

Figure 6.14: Estimating the amounts of materials/waste based on building components 

 

 

 

 

 

 

 

 

 

Figure 6.15: Estimating the amounts of waste based on material’s condition 

Amounts of materials/waste 
based on building components 
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Figure 6.16: Estimating material/waste based on building material for certain location 

In addition, the model is used to can identify all doors that exist on a certain site, as shown in 

Figure 6.17, as well as doors within a specific volume range (e.g., >= 0.2476 m3) that are built 

from or containing certain material (e.g., glass) on a certain floor, as shown in Figure 6.18. Those 

type of analytical capabilities that the model offers are valuable as they help in selecting a suitable 

place for task points (e.g., point of material demand). A report containing information on the 

volumes and conditions of specific building components (i.e., ceiling) is produced by the model, 

as in shown Figure 6.19. 

 

 

 

 

 

Amounts of materials/waste based on 
building material for certain location 
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Figure 6.17: Identifying the amounts of building components/waste based on location. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.18: Identifying the amounts of waste based on thematic locational attributes 

 

Only certain building 
components were 
selected based on 
location 
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Figure 6.19: Sample report generated showing materials/waste quantities 
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6.4 Testing and verification of the developed Execution Schedule Time Entry 

(ESTE) module 

 

We can enter the information for EST, EFT, AST, and AFT individually or simultaneously for a 

single or for multiple building components by using the user interface (UI) that was developed for 

that module as shown in Figure 6.20. 

 

 

 

 

 

 

 

 

 

Figure 6.20: UI of the ESTE extension and layer selection via query builder 

Figure 6.21 illustrates how we select from the date menu the date and time information to be 

allocated to the selected building components (activities). The module is used to identify the 

activities (building components) based on locational and thematic attributes. Using the query 

builder, as shown in Figure 6.20, the module is used to select based on thematic attributes a certain 

column, as seen in Figure 6.22, and a certain slab on a specific level or floor, as shown in Figure 

6.23. While allocating time information to activities, we can quickly review the values for a certain 

field in the attribute table for a layer, we can do that using the “Get Unique Values” option 

Click here to open the Query builder which helps users 
to identify components based on attributes 

Click here to get the unique values included in the layer 
you would like to inquire about 

“Get Unique Values” 
button 



 

202 

 

 

highlighted in Figure 6.20. This helps us to check for a certain value (e.g., a certain floor level) we 

want to include in the query process, as illustrated in Figure 6.23. Figures 6.24 and 6.25 show the 

processing of adding temporal data into the selected layers and also the selected multiple 

components after the time information is allocated to them by the ESTE module.  

 

 

 

 

 

 

 

 

 

 

Figure 6.21: Using ESTE extension to select the time from date menu to be allocated to layers 
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Figure 6.22: Selecting building components based on attributes using the ESTE.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.23:Selecting building components based on attributes by getting unique values. 

Building components (i.e., LANDING) from the 

ifcSlab_surface layer is selected based on functional 

attribute (i.e., Predefined type) and on a certain floor 

level (level 2) using the query builder in the ESTE 

module 

Selecting Building 

components (ifcColumn) 

based on functional 

attribute (Tag No.) to add 

temporal information 

Click to open time information 

menu (date menu) and allocate 

time to building components 
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Figure 6.24: Processing and adding temporal data into selected layers. 

 

 

Figure 6.25: The selected multiple components after time allocation process. 

 

The process of adding 

time information for the 

selected building 

components is 

completed successfully 
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6.5 Testing and verification of the developed 4D Visualization module 

 

By using the 4D module, the construction project’s progress is simulated in 4D, as shown in Figure 

6.26 and the schedule and construction process flow were revised to confirm and to make 

modifications to the construction’s execution plan. This module helps in identifying potential 

clashes in the construction sequence by visualizing the construction process that are hard to 

identify by only looking at the execution schedule. Time information is displayed on screen along 

with the corresponding layers. Based on that, it is possible to identify the required temporary 

facilities to support the construction process. Figures 6.26, 6.27 and 6.28 show the capabilities of 

the 4D module. This module we can export videos for the 4D models that can be used for 

documentation purposes. This module is also used to simulate the process flow for temporary 

facilities and assign and modify the number of TFs required for the construction process. 

Figure 6.26: Illustration for the 4D capabilities of ArcMap (Time Slider tool) 
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Figure 6.27: Interior view showing details of the 3D model’s components 

 

Figure 6.28: Virtual review for the construction sequence 
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6.6 Testing and verification of the developed Temporary facilities library 

(TFL) module 

 

The developed suitable area identifier (SAI) is used to identify the available area on the 

construction site. First, the two points (supply and demand) are identified on the map, each in a 

separate layer. Then, as shown in Figure 6.29, the developed user interface (UI) for the SAI 

automatically identifies the layers required for this process. Then, the values assigned for the safety 

distance required for the different layers (i.e., roads, building, and site objects) are checked before 

clicking “ok” to generate the available and suitable area onsite. As shown in Figure 6.30, the 

module subtracts the areas for the different layers of roads, building, and site objects (while 

considering the spatial requirements for each layer) from the total area of the construction site and 

generates the suitable area on site. 
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Figure 6.29: User interface for the suitable area identifier. 
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Figure 6.30: Suitable area identified by the SAI. 

Also, the suitable area identifier for tower cranes (SAITC) is used to identify the suitable area for 

tower cranes (TCs). Figure 6.31 shows the created UI for the SAITC, which also automatically 

identifies the layers required for this process (i.e., suitable area and the supply and demand points). 

Afterwards, the jib length of the selected TC for the project is entered before clicking on “ok” to 

identify the suitable area for that tower crane as shown in Figure 6.32. The generated suitable area 

for TC can be large depending on the length of the jib for the selected TC as shown in Figure 6.32 

(the beige area). This gives an indication that the selected TC for the project is larger than what 

might actually be needed for the construction process and, in this case, we can select a smaller TC 

and use the module again to identify the new suitable area for the smaller TC as shown in Figure 

6.32 (the green area). Also, the lifting capacity for a TC changes based on the length of the jib as 

it increases as the jib length gets shorter and vice versa. Thus, we can identify the suitable area for 

a TC not only based on the maximum jib length but also based on any length we find appropriate, 

Buffer zone around 

roads based 

considering safety 

distance 

 

Buffer zone around 

site objects (e.g., 

trees) considering 

safety distance 

 

Buffer zone around the building 

considering safety distance 
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such as the minimum jib length, for finishing the task for which we need the TC and generate the 

suitable area based on that length as shown in Figure 6.32 (the red area). In addition, it is possible 

that the module does not generate a suitable area for the selected TC based on the maximum jib 

length, this gives an indication that one TC is not enough to cover the target tasks and accordingly 

a bigger TC or more than one TC may be required to cover those tasks. This shows that the module 

can also help in deciding and selecting the number and type or size of some of the TFs that are 

required to support the construction process such as tower cranes. 

 

 

Figure 6.31: UI for the suitable area identifier for tower cranes (SAITC). 
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Figure 6.32: Suitable area for tower cranes identified by the module 

Furthermore, the BIM-GIS SLP model provides various information such as topographical and 

soil information, which will help in making better judgments on locating the supply and demand 

points as well as some of the TFs (e.g., storage areas, laydown areas, etc.) on the construction site. 

Figure 6.33 shows some of the soil information for the Ottawa-Gatineau area (in Canada) from a 

detailed soil survey (DSS) (Agriculture and Agri-Food Canada, 2013) that is used to make good 

choices on the aforementioned task. This includes information about the surface slope degree, 

water table, drainage, types and names of the existing soil, etc. In addition, Figures 6.34 and 6.35 

show more soil information gathered from boreholes found in (Agriculture and Agri-Food Canada 

2019) that are close to the construction site of the case project. Figure 6.36 shows the TIN layer, 

which visualizes the topographical information for the construction site to show the difference in 

Suitable area for big 

size TC (beige area) 

Suitable area for small 

size TC (green area) 

Suitable area for small 

TC based on shorter jib 

length (red area) 

Demand point 

Supply point 
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terrain and elevation. We can use topographical and soil data gathered from authorized and 

specialized sources such as the sources used for the case project (i.e.,  Agriculture and Agri-Food 

Canada, 2013; Ontario Ministry of Energy, 2017; and Agriculture and Agri-Food Canada, 2019) 

or we can add our own soil data to the map of the construction site they working on. The integrated 

model is used to export the required soil information in multiple output types including report 

(textual), MS access database (tabular), and graphical (graphs), as shown in Figure 6.37. These 

multiple types of output produced by the model are shown in Figure 6.38, Figure 6.39, and Figure 

6.40 and Figure 6.41 for textual, tabular, and graphical respectively. This shows the capability of 

the integrated model by providing us with a data-rich environment that includes information about 

the building, transportation network, and topographical and soil information that will support our 

decision making while planning the site layout and selecting the appropriate temporary facility for 

supporting the construction of the case project.
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Figure 6.33: Some of the soil information included in the DSS 

 

Figure 6.34: Some of the soil information included in the boreholes  
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Figure 6.35: Some of the soil information included in the boreholes 



 

215 

 
 

 

Figure 6.36: TIN layer for the construction site shows the difference in terrain and elevation
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Figure 6.37: Different outputs can be generated by the presented model
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Figure 6.38: A report generated by the presented model including soil information for the case project 

Figure 6.39: A database table generated by the model including soil information for the case project
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Figure 6.40: A graph generated by the model showing some properties of the soil (physical) for the case 

project 

Figure 6.41: A graph generated by the model showing some properties of the soil (chemical) for the case 

project 



 

219 

 
 

After identifying the suitable areas for the construction site and for the tower cranes as shown in 

the previous sections, the developed temporary facilities library (TFL) is used to plan the layout 

for the construction site. Figure 6.42 shows how the TFL is opened by clicking on TFL button 

located in the created ArcSPAT tool extension. Then, the TFs required for the construction process 

are selected from the TFL’s UI and successfully created after clicking on the chosen place on the 

map for each of them as shown in Figure 6.43. Figure 6.44 show some of the created TFs by the 

TFL while Figure 6.45 shows the attribute tables for the different TFs created by the TFL for the 

case project. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.42: User interface (UI) for the TFL 
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Figure 6.43: Creating temporary facilities using the TFL model 
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Figure 6.44: Created temporary facilities using the TFL model 
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Figure 6.45: Attributes tables of different temporary facilities created by the TFL 
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6.7 Testing and verification of the developed Dynamic Conflict Detection 

(DCD) module 

 
After planning the site layout using the TFL module, the DCD module is used to check the plan 

for potential conflicts. Figure 6.46 shows that the DCD application is opened and the GDB for the 

site layout plan is selected to check for potential conflicts. If required, we can modify the 

parameters related to the IFC building components from the IFC safety distance dialogue as shown 

in Figure 6.46. Afterwards, the name and location for saving the generated conflict report are 

selected before clicking on the “Detect conflicts” button to start the dynamic conflict detection 

process for the site layout plan. Figure 6.47 and Figure 6.48 show how the developed DCD module 

successfully detected the conflicts in the planned site layout, showed them on the screen, 

highlighted them in the attribute tables of the TFs in conflict, and notified us with a short alert 

message (about the detected conflicts) that asks us to check the generated conflict report. 

 

 

 

 

 

 

 

 

 

 

Figure 6.46: The UI of the tool developed for the DCD module
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Figure 6.47: Selecting the Geodatabase for the site layout plan users working on 
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Figure 6.48: The detected conflicts are visualized on map by the DCD module

Space conflicts 
detected 

Minimum distance 
conflicts detected  

Within distance conflict detected  

Minimum 
distance 
conflicts 
detected  



 

226 

 
 

Blow up views for the detected conflicts in Figure 6.48 are shown in Figures 6.49 and 6.50. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.49: Blow-up view for the detected conflicts by the DCD (1 of 2) 
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Figure 6.50: Blow up view for the detected conflicts by the DCD (2 of 2) 
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In addition, Figures 6.48, 6.49, and 6.50 show that even though there is no geometry overlap 

between Batch plant 4_6 and both the road close to it and the office 4_4 they got detected by the 

module as they (office 4_4 and the road) both intersected with the minimum distance required 

from the batch plant. Also, despite the fact that office 4_4 has a space conflict with one of the site 

washrooms and site office 4_8, which means it should have been highlighted on the map in yellow, 

since it is a geometry overlap (with an “important” risk level), it is highlighted in orange because 

it has another conflict (with the batch plant 4_6) that is categorized as a higher risk level (i.e., very 

important) and accordingly the module displays the higher risk attributes (i.e., orange color) on 

the map. Similar case is with the site office 4_12 that has four different conflicts; 1) A space 

conflict with one of the site washrooms, which is categorized as “important”; 2) it does not have a 

required facility (site washroom), which is categorized as “important”; 3) A hazard conflict with 

batch plant 4_10, which is categorized as “very important”; and 4) A hazard conflict with a 

combustive material storage, which is categorized as “urgent”. However, only the highest level of 

risk of the four detected conflicts is visualized on the map, the “urgent” level, which is presented 

in a red color. Nevertheless, all four conflicts are included, in detail, in the generated conflict 

report, as shown in Figure 6.51. All the detected conflicts between site objects that are shown in 

Figures 6.47, 6.48, 6.49 and 6.50 were reported by the module and included in the conflict report 

as shown in Figures 6.51, 6.52, 6.53  
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Figure 6.51: Conflict report showing information about the site objects in conflict 
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Figure 6.52: Conflict report showing information about space conflict between site objects 

 

Figure 6.53: Conflict report showing information about space conflict between site objects 
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Moreover, the storage 4_4 and one of the site washrooms have space conflicts with one of the 

external roads and one of the internal roads respectively, since they interfered with the operational 

area of both roads. The level of risk for those conflicts is categorized as “important” by the DCD 

module and accordingly both are visualized by the corresponding yellow color. The brick depot 

2_3 has space conflicts, which risk level is categorized as “important”, with the building (IFC) 

components, since it interferes with the area of safety distance for those components. Some of the 

IFC components (e.g., ifcSlab, ifcWall, etc.) may exist on different floors thus they may be on a 

higher level (floor) than the brick depot 2_3, which means they should not have a space conflict 

with it since they exist on different height levels, however the DCD module detected those 

conflicts, as there should be a safety distance from the building to avoid accidents due to fallen 

objects, which is a main cause for injuries and fatalities on construction sites. For the landscape 

workshop 2_2 and carpentry 2_3 the module detected a space conflict with the risk level 

categorized as “important”, as both have an overlap while they exist on the site during the same 

time period. This is not the case, as shown in Figure 6.54, for the Bricks depot 2_3 and the laydown 

area 2_3 and for the carpentry 2_3 and both the gravel depot 2_4 and rebar workshop since the 

DCD module did not detect any conflict between any of them, even though there is a clear space 

overlap in their geometry, because they do not have a time intersection during the period they exist 

on the site.
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Figure 6.54: No conflicts were detected or visualized by the DCD module 
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Furthermore, Figure 6.55 shows how the DCD module detected TC-TC and TC-B conflicts 

between the 3 tower cranes (TC 1, TC 2, and TC 3) and between both tower crane 1 (TC1) and 

tower crane 2 (TC2) and some of the building components, respectively. The risk level for all TC 

conflicts is categorized as “urgent” since the DCD module considers any type of conflict that 

involves tower cranes as “urgent” and all conflicts accordingly are visualized on the map in red. 

TC 1 and TC 3 have the same height and accordingly a space conflict is detected, as shown Figure 

6.55, since there should be a safety distance equivalent to or larger than H (as depicted in Equation 

4.4 and Figure 4.28). The module draws two dotted lines for both TCs representing their jib length 

and the H safety distance for both instead of applying the larger one because the values of “H” for 

both TCs are equal in this case. Therefore, the module gives such a presentation to help users 

decide on the TC that should be relocated, replaced or removed. TC 1 and TC 3 have different 

heights than TC 2, where both TC 1 and TC 3 are higher than TC 2. The module detected a “jib-

tower mast” conflict between TC 2 and TC 3 because the jib of TC 2 interfered with the Tower 

mast safety distance X (as shown in Figure 4.29). However, such a conflict was not detected 

between TC 2 and TC1 because the distance between the jib of TC 2 and the tower mast of TC 1 

is larger than the value of the tower mast safety distance (X). Furthermore, the module detected a 

“jib-jib” conflict between TC 1 and TC 2 as the (Y) distance (as depicted in Equation 4.5 and 

Figure 4.29) between the jib of the taller TC (TC 1) and the jib of the shorter TC (TC 2) is less 

than the value of the safety distance (H.Safety.D) stored in the attribute table of the taller TC (TC 

1). 
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Figure 6.55: Conflicts of tower cranes were detected and visualized by the DCD module 
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In addition, as shown in Figure 6.55, both TC 1 and TC 3 have “TC-B” conflicts with some of the 

building components as the distance “V” (as depicted in Equation 4.7 and Figure 4.29) is less than 

the value of the safety distance (stored in the attribute tables for both TC 1 and TC 3) that must be 

between the jibs of both TC 1 and TC 3 and the IFC building components detected in the conflict.  

All the detected conflicts between tower cranes are reported by the module and included in the 

conflict report as shown in Figures 6.56, and 6.57. 

 

The DCD module is tested many times on up to 35 different TFs in different site layouts. It is 

noticed that the number of TFs does not have any noticeable effect on the run time of the module 

to detect time-space conflicts. However, when the IFC building components are part of the test it 

is noticed that the processing time increases drastically especially when the values of the safety 

distance of the IFC components is changed from the default values included in the module. This 

can be due to two reasons 1) the IFC components are represented as 3D objects, which affects the 

processing time of the module; and 2) the way the module was programmed makes it check for 

the values of the safety distance of the IFC components and replaces those values with the new 

entered values for all the corresponding IFC components before checking the IFC components for 

potential rule violations. 

Finally, the tests conducted on the DCD module developed in this study confirms the efficiency 

and capability of the DCD module to detect conflicts between site objects (temporary facilities and 

permanent facilities) dynamically in 2D and 3D while considering the different spatial 

relationships and constraints between the site objects in an efficient and timely manner. It also 

shows that, in an intuitive manner, the module is able to visualize those conflicts and highlight 

them on screen and in the attribute tables of those site objects and report them in a conflict report 

that holds detail information including the risk assessment for the detected conflicts. 
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Figure 6.56: Conflict report showing information about the TC-B conflicts 

 

Figure 6.57: Conflict report showing information about the TC-TC conflicts
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6.8 Summary 

This chapter presented the testing and verification of the Integrated BIM-GIS model for site layout 

planning, which is designed in a modular format and consists of six modules 1) a 3D modeling 

module; 2) a route planning and hauling (RPH) module; 3) an execution schedule time entry 

(ESTE) module; 4) a 4D modeling module; 5) a temporary facilities library (TFL) module; and 6) 

a rule-based dynamic conflict detection (DCD). The presented SLP model was tested and verified 

by using a hypothetical case project for a residential building in the city of Ottawa, Ontario, 

Canada. A 3D BIM model was created by the author for three different buildings for the case 

project, including the building under construction, which is an eight-storey residential apartment 

building, and two other buildings surrounding it. Each of the six modules of the developed model 

was discussed in a step by step manner to deliver a clear idea on how each module is used and to 

demonstrate and examine the efficiency, capabilities, and functions of the modules. The test and 

verification of the developed BIM-GIS model for SLP proved its efficiency in conducting all the 

different tasks related to site layout planning including allocating time information to the 3D 

model, 4D visualization for the construction process, showing shortest routes, selecting and 

placing temporary facilities on the site, and dynamically detecting conflicts  in 2D and 3D while 

considering the various relationships and constraints between site objects in an intuitive and timely 

manner. 
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CHAPTER 7 

 CONCLUSION, LIMITATIONS AND RECOMMENDATIOS 

 

7.1 Summary 

This study aimed towards developing a versatile and flexible site layout planning model that is 

based on BIM-GIS integration to assist practitioners making efficient decisions during the process 

of site layout planning (SLP). The information on the process of SLP, the requirements of 

integrating BIM and GIS to be implemented in the process of SLP, and the spatial relationships 

and constraints between site objects (temporary facilities and permanent facilities) are based on an 

intense literature review, including published data and interviews with practitioners. This research 

looked at the needs, gaps and expectations of the AEC industry for a solution to site layout planning 

and how integrating BIM and GIS would lay the foundation for a flexible and practical solution 

for the SLP process. Afterwards, an integration framework was established for the BIM-GIS SLP 

model and a gap analysis was conducted to identify the desirable functionalities that the current 

SLP solutions may be lacking and the BIM-GIS integration can provide or enhance. Accordingly, 

the integrated model was developed and designed in a modular format consisting of six main 

modules. This development and design approach allow the integrated model to be user-friendly 

and flexible, which enables users to tackle various tasks of SLP in an efficient and timely manner. 

To achieve the development of the integrated BIM-GIS SLP model some functions in both BIM 

tool (Revit) and GIS tool (ArcGIS desktop) were either used as they are, or were customized in 

order to achieve the development needs of the model; while new functions were created either as 
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an application/extension with a user interface (within the BIM or GIS tool), or as plugins that will 

be linked to the associated tool (BIM or GIS). Finally, the integrated SLP model was tested and 

verified by using a hypothetical case building project and it was proven to be capable of conducting 

a variety of tasks that are related to site layout planning in an efficient and timely manner. 

The BIM-GIS model holds the following characteristics: 

• Information intensive: it provides a data rich environment containing information about the 

topography and soil information of the construction site and its surroundings; the building 

and its surroundings; the transportation network; and temporary facilities to support users’ 

decisions throughout the process of site layout planning (SLP). 

• Versatile: it assists within the decision-making process of planners by supplying a variety 

of analyses and functionalities that are required for an efficient SLP. This includes route 

planning based on actual paths, selecting and placing of temporary facilities on suitable 

locations onsite, 4D visualization for the construction site and its surroundings and virtually 

reviewing the construction sequence and site layout, dynamic conflict detection in 2D and 

3D, risk assessment, documenting the project, and providing users with a variety of outputs 

including graphical, textual and tabular, in an intuitive and timely fashion and all in one 

data-rich environment. 

• Flexible: The modularity of the developed model allows it to be expanded to include more 

modules and functions, whether from past studies in the literature or through future 

research to achieve a more enhanced SLP model. In addition, it enables users to add and 

modify data in a user-friendly manner. This include modifying the physical and functional 

information of the temporary facilities and the safety distance values for the IFC 

components.  



 

240 

 
 

• Efficient: it allows users to apply their knowledge and experience while using the model 

to facilitate the different tasks related to SLP throughout the process of planning the site 

layout without having technical backgrounds, experience or any type of knowledge that is 

not common in the AEC industry. 

• Automatic: it assists users in adding temporal information to the 3D building model and 

TFs based on visual selection and locational and functional information; selecting and 

placing different temporary facilities; 4D reviewing for the construction site and its 

surroundings, buildings and site objects; dynamically checking the site layout plan for 

potential conflicts in 2D and 3D for the entire duration of the project along with providing 

feedback and risk assessment in an automatic, intuitive, and timely fashion. 

 

7.2 Research contributions 

The contributions of this study stem from the following: 

1. Implementing a methodology for developing an integrated site layout planning model based 

on the integration between BIM and GIS. The model insures assisting and engaging 

professionals in planning the layout for a construction site that is safe, efficient, and almost 

conflict-free by being comprehensive, intuitive, and effective. 

2. Designing an integrated model, which is developed in a modular format (consisting of six 

modules) to maximize its flexibility. The model covers the essential requirements and 

functionalities for the process of SLP and can accommodate further modification and 

extension to include more modules and functions. The modular development approach 

provides a versatile and unified environment (solution) to the process of site layout planning, 
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which can contribute to solving the fragmented nature of the approaches used for realizing the 

models found in the literature. 

3. Applying the approach of automatic rule-based checking in site layout planning, which 

dynamically detects conflicts in the site layout plan in 2D and 3D. The rule-based approach 

in this study considers the relationships and constraints between site objects while running 

risk assessment for the detected conflicts and providing users with information-rich feedback 

in an automatic, easy and quick manner. The algorithms developed in this study for the rule-

based checking recognize both the IFC components and the TFs included in the TFL.  

4. Developing a flexible parametric temporary facilities library that holds 2D and 3D physical 

and functional information about temporary facilities (TFs) in a Geodatabase, which allows 

for conducting spatial-temporal analysis on the TFs in 2D and in 3D. 

5. Implementing a 4D realistic representation for the construction progress and the construction 

site and its surroundings in SLP.  Also, this study includes route planning based on actual 

paths while providing users with a unified data rich environment (for the building, 

transportation network, topographical and soil information on the construction site) and 

spatial-temporal analysis capabilities in site layout planning. 

 

7.3 Limitations of the presented model 

This research has the following limitations: 

1- The tools selected for both BIM and GIS (Autodesk Revit, and ESRI ArcGIS desktop 

respectively) are the most common tools used in the AEC industry; however, experience and 

knowledge about both is still required, as the adoption rate for both BIM and GIS concepts in 

the AEC industry is still lower than expected for the industry. 
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2- The temporary facilities library (TFL) module is currently sufficient for building construction 

projects as it includes most of the temporary facilities (TFs) that are required for such projects; 

however, expanding the current TFL and adding more types of TFs (e.g., moving resources 

such as trucks and moving cranes) is still required to include other types of construction 

projects (e.g., infrastructure projects). 

3- Information loss due to interoperability issues between the domains (BIM and GIS) hinders 

the data management and analytical capabilities of the model and, in some cases, manual data 

entry is still required by users. 

4- In case of design changes during the project’s construction (construction phase) the modified 

3D BIM model must be exported again from the BIM tool as an IFC file and then imported 

once again into the GIS tool. This means that all the steps required for creating the 4D model 

have to be redone, which is time consuming. 

5- The presented in its current state does not enable users to identify the least cost route when 

planning the most efficient route between two points. Having such capability will increase the 

efficiency of site layout plan and the construction site. However, the GIS tool used in this 

study (ESRI ArcGIS) offers such analysis which can be used to enhance the presented model 

in the future. 

 

7.4 Recommendations for future research 

This research can be expanded as follows: 

• In the temporary facilities library (TFL) module, more data collection is needed on the 

temporary facilities, their operation distance and safety distance requirements, and other related 

information to enhance the module and its functionality. This information can be collected by 
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reviewing published data and interviews with experts. In addition, more research should focus 

on including moving facilities (e.g., mobile cranes) in the TFL. Also, efforts can be put towards 

developing the TFL module in ArcScene (the 3D application of GIS). This area needs more 

research and development work because in spite of ArcMap and ArcScene belongs to the same 

package (ArcGIS from ESRI) they are developed independently with different programming 

requirements to fit the needs of 3D analysis.  

• In the ESTE module, automatically schedule all the temporary facilities and calculate the 

periods they are required onsite, based on the temporal information included in the 4D model 

created by the ESTE module. 

• Future studies can focus on calculating the total cost of the site objects onsite. This can be based 

on the cost of every individual TF for the period it exists onsite and whether it is rented, owned, 

or bought.  

• Future research should focus on how to integrate LEED with the BIM-GIS model to incorporate 

the concept of sustainability in the process of SLP. 

• Future research should focus on including site layout planning for the interiors of buildings, 

which can be used for storage, as this can become very important, especially when construction 

sites are congested and less space is available. 

• Future research should focus on extending the developed model to include additional types of 

analysis related to BIM and GIS applications (e.g., solar analysis, wind, ground water, flood, 

noise, thermal comfort, and line of sight). Such topics are also useful for the site layout planning 

process and would increase its efficiency. 

• Future studies can focus on calculating the least cost path for transportation by taking advantage 

of the built-in spatial analysis tools offered by the GIS tool used in this study (ESRI ArcGIS). 
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• Future research can focus on having the model provide users with a suggestion list for the 

temporary facilities and their types and sizes that might be needed for a construction project, 

based on the data provided by the 3D BIM model. 

• Practitioners should be invited to try and test the developed model in real projects in order to 

provide comments on its usability, practicality, functionalities, and the overall user experience 

so that the model can be further enhanced. 
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Appendix I 

Codes for the developed toolbar extensions using Microsoft Visual 

Studio 

Coding for the Temporary Facilities Library (TFL) module. 
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The rest of this part of the code is provided 
in the figure below 
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Coding for the Dynamic Conflict Detection (DCD) module 
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Special spatial analysis (height) for certain temporary facilities (Tower 

cranes). 

  TC-B (a tower crane to a building) 
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TC-TC (a tower crane to a tower crane) 
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Minimum distance 

Combustive material storage and site office 
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Batch plant and roads and a site office. 
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Within distance  

A Site office and a washroom 
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General checking rule for space conflict between site objects 
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Safety distance dialogue for IFC components 
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Safety distance information set up when loading site objects from geodatabase 
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Conflict report 
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Visualization of conflicts on the map 
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Coding for the user interface (UI) for the developed DCD toolbar extension 
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Appendix II 

 

Questions, results and discussion of the interviews conducted while 

collecting data for this study 
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Introduction 

During the data collection phase for this study a face-to-face interviews were conducted with 

professionals, including engineers, site supervisors and contractors from different parts of the 

world, namely, Ottawa, Canada; Dubai, UAE; Cairo, Egypt; and Jeddah and Makkah, Saudi Arabia 

to collect data on the process of site layout planning (SLP) and temporary facilities (TFs) and to 

provide comments on the functionalities included in the presented model and what other 

requirements professionals need in an SLP model. 

The total number of the interviews conducted are 27. The questions of the oral interviews are 

written in this section and the results of those questions are given and discussed for further 

clarification. 

 

Q1: What best describes your job/position? 

§ Architect. 

§ Construction/project manager. 

§ Site manager/super intendent. 

§ Quality control/quality assurance. 

§ Structural engineer. 

§ Academia/education. 

 

Q2: How many years of experience you have? 

§ 1-5 years. 

§ 5-10 years. 

§ 10-15 years. 

§ 15-20 years. 



 

336 

 
 

§ 20 + years. 

 

Q3: Have you been involved in construction site layout planning (locating temporary 

facilities, materials, and equipment onsite to support construction activities)? 

§ Yes. 

§ No. 

 

Q4: Based on your experience, what are the most important factors that should be 

considered when planning the construction site layout? 

Factor Not 
important 

Less 
important Normal Important Very 

important 
Reduce travel distance 
between site objects 

     

Identify and avoid conflicts for 
the whole duration of the 

project (short term and long 
term). 

     

Safety      
Visibility      

Environment protection 
(pollution, noise, etc.) 

     

Construction site and its 
surrounding environment 

     

Accessibility & route planning 
(onsite, outside construction 
site and inside the building 

under construction). 

     

 

Q 5: Are you aware of any tool available in the industry that is dedicated for site layout 

planning (SLP) to assists practitioners during planning the construction site layout? 

§ Yes. 

§ No. 
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Q 6: What tools/software you use to plan/design the site layout? 

§ Manual sketching/drafting on paper. 

§ CAD. 

§ BIM. 

§ GIS 

§ Civil 3D CAD 

§ Other. 

 

Q 7: What tools/software you use to schedule the activities of the construction project? 

§ Primavera. 

§ Microsoft project. 

§ Other. 

 

Q 8: Do you agree that there is a need for a tool to support practitioners’ decisions during 

planning the construction site layout? 

§ Strongly agree. 

§ Agree. 

§ Neither agree nor disagree. 

§ Disagree 

§ Strongly Disagree. 
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Q 9: Do you prefer a tool that makes the decisions related to site layout planning (e.g., 

locating temporary facilities, materials, equipment etc.) or a tool that support your 

decisions by assisting you in planning the site layout? 

§ A decision-making tool. 

§ A decision support tool. 

 

Q 10: From the following, what are the challenges that practitioners can face during site 

layout planning? 

§ Change of project requirements/design. 

§ Nature of construction site (terrain). 

§ Minimizing/calculating travel distance. 

§ Identifying required number of temporary facilities to support construction activities. 

§ Strategically locating temporary facilities, materials, equipment, etc. on the construction 

site. 

§ Foreseeing the consequences/impact of decisions made regarding placing temporary 

facilities, materials, equipment etc. on the construction site. 

§ Congested site (limited space for locating temporary facilities, materials, equipment on 

the construction site). 
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Q 11: What are the most important functions/features an SLP tool should have to assist 

practitioners and support their decisions during the planning of construction site layout? 

Function/feature Not 
important 

Less 
important Normal Important Very 

important 
Identifying required number of 

temporary facilities 
     

Strategically locating 
temporary facilities, materials, 

equipment, etc. on the 
construction site. 

     

Identify conflicts in the site 
layout plan in 2D and 3D for 

the whole duration of the 
project (short term and long 

term). 

     

Visibility      
A temporary facilities library 

that holds geometric (e.g., 
dimensions) and functional 
(e.g., operational distance, 

safety distance, capacity, etc.) 
information about temporary 

facilities 

     

4D simulation for the 
construction process and the 

construction site and its 
surrounding environment 

     

Planning routes efficiently 
while considering safety and 

minimizing distance. 

     

Provide various feedback 
output including graphical 

(e.g., drawings), textual (e.g., 
messages), and tabular (e.g., 

reports). 

      

Minimizing/calculating 
distance between site objects 

(e.g., temporary facilities) 

     

Clarity of analysis and results      
Simple to use      
Easy to learn      
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Results of the interviews questions 
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Q4: Based on your experience, what are the most important factors that should be 

considered when planning the construction site layout? 

 
Results for question 4 - Chart 1 (factor 1) 
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Results for question 4 - Chart 2 (factor 2) 

 

 
Results for question 4 - Chart 3 (factor 3) 
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Results for question 4 - Chart 4 (factor 4) 

 
Results for question 4 - Chart 5 (factor 5) 

 
 



 

344 

 
 

 
Results for question 4 - Chart 6 (factor 6) 

 
Results for question 4 - Chart 7 (factor 7) 
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Q 11: What are the most important functions/features an SLP tool should have to assist 

practitioners and support their decisions during the planning of construction site layout? 

 

Results for question 11 - Chart 1 (function/feature 1) 

 
Results for question 11 - Chart 2 (function/feature 2) 
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Results for question 11 - Chart 3 (function/feature 3) 

 

Results for question 11 - Chart 4 (function/feature 4) 
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 Results for question 11 - Chart 5 (function/feature 5) 

 

Results for question 11 - Chart 6 (function/feature 6) 
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Results for question 11 - Chart 7 (function/feature 7) 

 

 
Results for question 11 - Chart 8 (function/feature 8) 
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Results for question 11 - Chart 9 (function/feature 9) 

Results for question 11 - Chart 10 (function/feature 10) 
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Results for question 11 - Chart 11 (function/feature 11) 

 

 
Results for question 11 - Chart 12 (function/feature 12) 
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Discussion of the results for the interviews 

Based on the results of the interviews, this study provides the following findings: 

 

1- The very important factors selected by interviewees to be considered when planning a site 

layout are safety and identify and avoid conflicts onsite with a percentage of 100% and 

98%, respectively (results for question 4 charts 2 and 3). 74%, 46%, and 48% of 

interviewed professional selected visibility, the construction site and its surrounding 

environment, and accessibility and route planning respectively as important factors in 

planning the site layout (results question 4 charts 4, 6, and 7). Reducing travel distance 

between site objects and environment protection were deemed of normal priority by 63% 

and 52% of the interviewees respectively (Question 4 charts 1 and 5). 

2- CAD and primavera were the choice of all interviewed professionals for planning/drafting 

the construction site layout and scheduling the construction activities respectively 

(Questions 6 and 7). It is worth mentioning that during interviews most professionals noted 

that they also manually sketch on paper when applying or explaining quick changes to the 

site layout plan then, if necessary, they use CAD to apply those changes in their plans. 

3- Practitioners prefer a tool that supports their decisions rather than making the decisions for 

them when designing or planning the construction site layout. We can see this based on the 

answers for question number 9 were the highest percentage of professionals (93%) favored 

a tool that supports their decisions. This finding is also in line and with agreement with the 

findings in the literature on site layout planning that shows that professionals prefer to 

apply their own experience when planning the construction site layout and tend to change 

computer output according to their preference. 
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4- Identifying the number of required temporary facilities, materials, etc., 

minimizing/calculating travel distance, and nature of the construction site were the least 

selected challenges for practitioners when planning the site layout with percentage of 7.4%, 

14.8%, and 14.8% respectively. All interviewees selected Changing the project’s 

requirements/design and foreseeing the consequences of the decisions made as challenges 

when planning the site layout while 37% of them selected congested sites with limited 

space to be a challenge as well (results for question 10). 

5- It was clear that practitioners do not have a problem with locating temporary facilities, 

materials, equipment, etc. on the construction site. What practitioners need assistant with 

is knowing the consequences or impact of their decisions about locating temporary 

facilities, materials, equipment, etc. on the construction site. We can see that based on the 

answers for questions 10 and 11 (chart 2 and chart 3). A 0% of the 27 interviewees selected 

placement of temporary, etc. on site as a challenge. A 100% saw that including the 

function/feature of placing temporary facilities, etc. onsite is less important. However, one 

of the most challenges selected by professionals was foreseeing the impact of their 

decisions in the future. This can be especially challenging in the long term. Also, all 27 

interviewees selected the function/feature of identifying potential conflicts in their plan as 

very important to be included in an SLP tool. 

6- The provision for a temporary facilities library that holds geometric and functional 

information about temporary facilities is very important and will facilitate the selection 

temporary facilities required to support the construction process and will facilitate planning 

of the construction site layout. Based on the answers for question number 11 chart 5 we 

can see that most of the interviewed professionals agreed to this with a percentage of 100%. 



 

357 

 
 

This can be in part due to the fact that practitioners are used to use such libraries in the 

AEC (architectural engineering construction industry) when drafting design drawings for 

buildings and floor plans using CAD tools (e.g., AutoCAD) where they have libraries for 

different building components including doors, furniture, etc. 

7- Providing professional with feedback output in multiple forms including graphical (e.g., 

drawings), textual (e.g., messages), and tabular (e.g., reports) will strongly assist users in 

efficiently planning the site layout and will help them document their project. All 

interviewees selected this function as very important to be included in a site layout planning 

tool (results of question 11 chart 8). 

8- All interviewed professionals agreed that it is very important for an SLP tool to be simple 

to use, provide users with clear analysis and results, and easy to learn (results for question 

11 charts 10, 11, 12) while 70% and 78% of them selected 4D simulation and route 

planning while considering safety to be included in an SLP tool as very important 

respectively (results for question 11 charts 6 and 7). Minimizing/ calculating travel distance 

between site objects and identifying required number of temporary facilities were deemed 

as less important by 89% of the interviewees (results for question 11 charts 1 and 9). This 

is mainly due to the fact that professionals tend to do this task by themselves and they do 

not see the importance or the need for a tool to do it for them. 

9- Finally, based on the interviews the highest percentage of professionals agrees that there is 

a need for a tool dedicated to site layout planning to assist them and support their decisions 

while planning the construction site layout (results for question 8). 

 


