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ABSTRACT

The construction industry continues to experience productivity rates that lag behind other
industries. Additionally, an increasingly competitive market and a decreasing skilled labor pool
are challenging construction firms. Prefabrication and offsite modular construction techniques
offer alternatives to traditional site-built construction methods that have the potential to provide
improved productivity as well as other added benefits. Prefabrication methods, applied
effectively, offer results that produce value to the project team. Such value includes improved
productivity and efficiency in construction operations, reduced project costs, reduced schedule
durations, and improved safety, increased levels of quality and improved sustainability and waste
reduction. Currently the implementation of prefabrication and offsite construction techniques on
the construction project remains subjective and unstandardized. The aim of this research is to
develop a framework that will assist the project team to make decisions regarding the use of
prefabrication and modular construction based on factors that have proven to be the most
successful in implementing modern methods of construction. The concentration is on
emphasizing the use of Building Information Modeling and Lean Construction methods as
catalysts to maximize the effectiveness of the use of modular offsite construction. This research
is primarily toward the use of prefabrication and modular construction methods for vertical
construction and should prove valuable for all project players including Owners, Designers and
Constructors. The development of this framework utilizes information compiled through
interviews and case studies to develop a proposed framework for implementing prefabrication
and off-site modular construction techniques at the project level. The framework will be
validated in the future using a Delphi survey to qualitatively generate quantified data on the best
methods to implement prefabrication and offsite construction techniques.

KEYWORDS

Modular and offsite construction, prefabrication, construction productivity, building information
modeling, BIM, lean construction

INTRODUCTION

Construction is a unique industry that has faced continuing challenges over the past few decades.
The economic climate in which construction firms operate has become increasingly competitive
and unlike in other industries, pricing for construction projects is not necessarily solely
determined by the market. Construction firms must vie for projects through a competitive
process of selection based on factors that include construction price, experience, reputation,
financial stability, and other criteria that may be important to the project owner.
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This competitive nature of the construction industry requires construction firms to continue to
seek ways to maintain profitability through improved productivity and efficiency. Productivity is
a continuing challenge for construction firms. Construction productivity has been shown to be
decreasing over the past two decades while the average productivity for other industries has been
increasing over the same time period (Teicholz 2013). Non-construction industries have
benefited from the application of computers and technological advancements resulting in
increased productivity. The construction industry is notorious for being slow to adopt and
implement new technology (Peansupap and Walker 2006).

Prefabrication and modular and offsite construction (PMOC) techniques are being used
increasingly on construction projects around the world. Although not a new concept, PMOC
techniques are being used increasingly in new ways that are resulting in benefits to the
construction process. The current drivers for the use of PMOC are those that result in
improvement in the elements of productivity. These drivers for the use of PMOC (McGraw Hill
2011) are: 1) Reduction in project duration; 2) Reduced costs and project budget; 3) Improved
worker safety and 4) Improvement in elements of sustainable construction including reduced site
impact and reduced waste.

The increase in construction productivity through the use of PMOC techniques is in line with a
study performed by the National Research Council (NRC 2009) with the purpose of advancing
the competitiveness and productivity of the U.S. construction industry. The results directly
referenced prefabrication and offsite modular construction and Building Information Modeling
(BIM) while indirectly referencing techniques that relate to Lean Construction. If implemented
these techniques have the potential to provide significant advancement in construction
productivity.

The focus of this paper is to describe ongoing research having the goal of developing a
framework that will facilitate the increased use of PMOC in the construction industry. This study
explores the synergies between PMOC and the combined implementation of BIM and Lean
Construction methods and their potential to maximize the benefits derived from PMOC use.

RESEARCH METHODOLOGY

This paper outlines the research in progress to define a framework that will maximize the
effectiveness of PMOC techniques. The first step in developing the framework is to identify the
opportunities for which BIM is currently being used in the construction process. This is being
accomplished through a thorough literature review and by means of ongoing case study research.
Additionally, a review of current Lean Construction practices as they are being applied in the
construction industry is being conducted to compile a listing of successfully implemented Lean
techniques. The resulting compilation of Lean and BIM functionalities is cross referenced and
compared to current usage of PMOC techniques as identified in the case studies. A matrix of the
interactions of BIM, Lean Construction and PMOC will be developed to identify the key
interactions between the three processes that present the greatest opportunities to facilitate the
implementation and successful utilization of PMOC techniques. These successful utilization
factors will be validated through a Delphi survey. The results will be the basis of the
implementation framework for PMOC through the interaction of BIM and Lean Construction.
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DISCUSSION

Prefabrication and Modular and Offsite Construction (PMOC)

The Construction Industry continues to search for improved means and methods that will
increase productivity, improve profitability, and build sustainably. PMOC techniques, effectively
implemented, have shown that they have the potential to accomplish these objectives. The
National Institute of Standards and Technology (NIST) commissioned the NRC to study the
productivity of the U.S. construction industry. The goal was to make recommendations for
improving productivity within the construction industry. The report identified obstacles to
productivity within the various functions of the construction industry and developed five related
functional activities within construction that could significantly improve construction
productivity over the next ten years. The five activities, entitled “Opportunities for
Breakthrough Improvements,” include increased use of prefabrication, preassembly and modular
offsite construction (NRC 2009). Eastman and Sacks (2008) noted that construction has the
ability to significantly improve productivity by employing manufacturing technologies through
PMOC. As noted earlier PMOC has the potential for tangible benefits in addition to productivity
improvement (McGraw Hill 2011).

Many benefits of PMOC can be measured in cost reduction and savings, many other benefits
provide value that are not easily quantified in terms of cost. These benefits include improved site
utilization, increased quality, increased safety, improved sustainability practices and improved
business market competitiveness and continuity (Blismas et al. 2006).

Building Information Modeling

Over the past decade Building Information Modeling (BIM) has provided significant value to the
construction industry (Azhar 2011). BIM has proven to be more than just a tool, it is a process
that yields benefits throughout the entire construction project life cycle from design through to
occupancy (Aranda-Mena et al. 2009). McGraw Hill Construction reports that 75% of
contractors using BIM are seeing a positive return on investment for their use of BIM (McGraw
Hill 2013). Ashar (2011) noted that over 80% of firms that use BIM have stated that the use of
BIM has a very positive effect on their company’s productivity.

The benefits that result from the utilization of BIM on construction projects are related to the
level of engagement in BIM by the construction firm. The greater extent that a construction firm
employs BIM results in greater benefits and greater return on its investment (McGraw Hill
2014). BIM can be defined according to varying levels of usage. For some construction firms
BIM is a software tool with utilization limited to the functions of the software. Construction
firms that use BIM to its full extent consider it to be a new paradigm in construction project
delivery. These firms consider BIM to be a new approach to the practice of construction project
delivery and to the development of more effective relationships between parties to the project
(Aranda-Mena et al. 2009).

The use of BIM enhances the effectiveness of using PMOC on a project. BIM is a tool that offers
dimensional accuracy and stability that are an essential function for modular offsite construction
to be effective. As a tool BIM brings the same functionality to PMOC projects as it does to
conventional construction. Such functions include visualization, coordination, sequencing,
quantification and information sharing. BIM also brings value to PMOC as a process that fosters
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the collaboration necessary for PMOC to be utilized successfully. As a process, BIM brings all
project stakeholders together for buy-in to the PMOC process. To effectively utilize BIM, it has
to be used within a process that promotes collaboration among all project actors (Gu and London
2010). That collaboration is a synergy that works in both directions. Collaboration is a function
of the project management process that will allow for the most effective use of BIM. That
collaboration likewise has a beneficial effect on the project management process and ultimately
for the project itself. BIM is such an effective tool that fosters collaboration and that
collaboration likewise maximizes the effectiveness of that tool and can be utilized for the benefit
of the project delivery process (McGraw Hill 2014).

Lean Construction

The application of Lean Construction techniques is another emerging trend that is demonstrating
confirmed improvement of construction productivity. Lean Construction is the application and
evolution of a management and organizational philosophy developed by the automaker Toyota.
This management philosophy known as the Toyota Production System (TPS) and the Toyota
Way, is based on 14 principles developed by Toyota to systematize a methodology for increasing
productivity and efficiency in their manufacturing process. The Toyota Production System is
being widely applied outside of the manufacturing industry (Gao and Low 2014). The principles
of TPS focus on the Value Stream of the organization in providing their goods or services. The
objective is to reduce waste and continuously improve the process with the result of maximizing
value to all clients. The principles of TPS are being applied with success in the construction
industry and are commonly known as Lean Construction. Lean Construction is a management
philosophy and a systematic process that can provide benefits in relation to the extent of its
application and is most effective when fully implemented throughout the organization.

PMOC Improvement using BIM and Lean Construction

Lean Construction and BIM are different processes that individually have significant benefits for
construction. When utilized in combination on a construction project those benefits are
compounded. Sacks et al. (2010) identified 56 interactions between BIM and Lean Construction
that provide constructive benefits when used together. Oskouie et al. (2012) identified 22 BIM
functionalities that contribute to the effectiveness of Lean Construction techniques. Similarly,
Khanzode et al. (2006), detail the benefits of combining the use of visualization models,
particularly Building Information Modeling (BIM) with Lean Project Delivery process. The
synergy of both processes and techniques add value to implementing prefabrication and offsite
construction. A National Research Council (2009) study identified and recommended five
opportunities for breakthrough advancement in construction productivity. Those recommended
opportunities included the use of prefabrication and modular offsite construction, the increased
use of BIM, and improvements in the use of technology, improvements in processes, materials,
equipment and information that are directly related to Lean Construction principles.

PMOC techniques have the potential to significantly improve construction productivity.
Although PMOC has been in use for many years, it is still a relatively new process in its
resurgence during the past decade. Use of PMOC is still relatively low with about 37% of
contractors using it at a high or very high level (McGraw Hill 2011). The decision to use PMOC
is typically made late in the preconstruction phase and is based on past experience, anecdotal
information, conjecture and hearsay rather than data supported evidence (Li et al. 2014).
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Previous studis have established methodologies to assist and support decision makers in
determining the scope of PMOC that can be used on individual projects. Pan et al. (2012)
developed weighted, value-based, decision criteria structured to assist in the decision to use
prefabrication and offsite construction methods. Murtaza et al. (1993) developed a framework
for a computerized, knowledge based decision support tool for implementing PMOC.
Additionally, Chen et al. (2010) developed an automated decision support systems including
multi-agent systems and the identification of discrete modules extracted from BIM. These
methods are dependent on information made available to the support systems and the interests
and goals of those involved in the project decision hierarchy. Table 1 shows the results of a
preliminary investigation into the currently published research into the synergies between
PMOC, BIM and Lean Construction.

Table 1. Preliminary review of published research on the use of PMOC, BIM and Lean
Construction synergies.

Authors Published research results PMOC BIM  Lean
Salem 2006 Development of a Lean Assessment Tool for v v
implementing Lean principles in construction.
Koskela 1992 Application of Lean Construction philosophy in v v
construction.
Khanzode et al.  Virtual design and construction tools, including BIM v v
2006 are enablers for Lean Production Delivery Process.
Gerber et al. Used case studies to analyze examples of the v v v
2010 interaction of BIM and Lean principles.
Moghadam et Integration of BIM and Lean to support the modular v v v
al. 2012 construction manufacturing process.
Sacks et al. Lean construction requirements supported by v v
2009 computer-aided visualization tools (BIM included).
Sacks et al. Identified 56 interactions between BIM v v
2010 functionalities and Lean construction principles.
Oskouie et al. Interaction matrix of Lean principles and BIM v v
2012 functionalities.
O'Connor etal.  Identified 21 Critical Success Factors and enablers v
2014 for implementing modularization.
Gao and Low Framework of implementation guidelines to integrate v
2014 the Toyota Way principles into construction.
Nawari 2012 Importance of BIM as a tool for prefabrication and v v
development of a standard for implementation.
Lu and Korman Identified the benefits of using BIM for planning, v v
2010 coordination and fabrication in modular construction.
Dossick et al. BIM and Lean principles used in conjunction foster v v
2013 collaboration, improve communication and
information sharing on Integrated Project Delivery
projects.
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The research by Gerber et al. (2010) and Moghadam et al. (2012) listed in Table 1, both mention
BIM and Lean Construction as support tools for prefabrication and modular manufacturing. They
do not focus on the interaction of PMOC, BIM and Lean Construction on the project level and do
not offer recommendations on effectively implementing the use of PMOC through the utilization
of BIM and Lean Construction. There has been no significant published research into the
interaction of PMOC, BIM and Lean Construction concurrently on construction projects.

CONCLUSION

The Construction Industry continues to search for improved means and methods that will
increase productivity, improve profitability, and build sustainably. Prefabrication and Modular
Offsite Construction techniques, effectively implemented, have shown that they have the
potential to accomplish these objectives. Combined with the use of BIM and Lean Construction,
the use of PMOC has the potential to significantly improve the construction process through
increased productivity, improved schedule performance, improved quality, increased worker
safety, enhanced sustainable construction performance, as well as several additional value added
benefits.

The ongoing research described in this paper will help construction firms in the implementation
of PMOC techniques on construction projects through the utilization of BIM and the application
of Lean Construction methods. Current implementation of PMOC on construction projects is
relatively low considering that the value added to the project though the use of PMOC is
documented (Lu and Liska 2008, Blismas and Wakefield 2009). Presently, decision-assist
methods use weighted rankings and other analytics to select from among modular offsite
construction methods to use for a project.

The framework developed will assist construction firms to maximize the effectiveness of
implementing prefabrication and offsite modular construction methods. The framework will
identify the key benefits of using PMOC as drivers for implementing modular strategies. These
will become the variables that will be assessed against the synergies of BIM functionalities and
Lean Construction practices. Included in the assessment will be particular aspects of the
individual project relevant to implementing PMOC including type of project, symmetry, size,
location, design phase and complexity. The framework will identify patterns and synergies
between PMOC, BIM, Lean Construction and project specifics that will effectively maximize the
benefits of using PMOC and facilitate its implementation.
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