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Abstract: Field productivity of building trades is the focus of prefabricated construction practitioners
as a path to greater profitability and competitiveness in the marketplace. Construction firms are
struggling to meet the demand of the marketplace due to shortages of skilled workers and flat to
declining productivity. Human capital and productivity challenges are affecting the ability to both
acquire new work and complete the work under contract. This study focuses on the development
of an innovative model that defines a process for the design, project site preconstruction planning
phase, and fabrication of interior prefabricated wall components that improves onsite productivity.
The developed model was tested and implemented in a case study of a single project comprised
of four identical buildings located on a singular jobsite while utilizing both traditional and model
approaches. The results verify that the productivity model developed in this study is capable of
reducing on-site labor hours and, therefore, improving field productivity compared to traditional
methods. The application of the model saved between 7-23% man-hours compared to the traditional
methods and beat the estimate by 17%. Practitioners and researchers are both incentivized to explore,
develop, and implement novel methodologies to address the human capital shortage that is facing
the construction industry.

Keywords: prefabrication; productivity; industrialized construction; prefabricated wall panels;
construction; planning

1. Introduction

The global construction industry is one of the largest in the world and is expected
to exceed 10.5 trillion USD annually by 2023 [1]. At this massive scale, even small ad-
vancements in productivity that gain wider industry adoption provide a significant impact
on the productivity of completed work in the construction industry [2,3]. Construction
productivity has remained relatively flat to declining over the preceding three decades and
has been outpaced by other industries such as manufacturing, services, and the overall
economy [4-6]. A number of previous research studies focused on the impacts and impor-
tance of construction productivity [3,7-9]. One of the key findings of these research studies
points to idle or nonproductive time as a key contributor to the current state of construction
productivity. Techniques or strategies to reduce nonproductive time should be the focus of
academics and practitioners to address productivity.

In addition to productivity challenges, the construction industry in the United States
is grappling with an aging workforce that is not being replenished with new workers at
the pace of attrition [10-12]. The construction industry is struggling to recruit enough ap-
prentices into its ranks to train the next generation of tradesmen [13-15]. Notwithstanding
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the challenge to find new workers, nearly 41% of the current US construction workforce
will retire by 2031 [16]. Therefore, construction firms need to seriously evaluate new and
contemporary approaches as they seek productivity improvements while maintaining
revenues in the face of dwindling workforce numbers.

To address both productivity issues and labor shortages, construction firms are incor-
porating industrialized construction (IC) and modern methods of construction (MMC). IC
and MMC approaches that involve evolving applications of manufacturing methodology
and effective practices to improve productivity in the construction industry are of partic-
ular interest [17-20]. This is primarily achieved through the decoupling of sub-assembly
operations from the traditional construction site and fabricating these building compo-
nents at facilities located off-site. An accepted overarching term utilized throughout the
construction industry is prefabrication.

The expected growth of the construction industry is projected to increase at a rate of 7%
annually [21]. However, the rate of global prefabrication adoption within the construction
industry is projected to be approximately 6% [22]. This disparity would suggest that the
rate of prefabrication adoption in the industry will not keep pace with the overall growth
and may not be capable of addressing macro industry problems such as human capital
scarcity. Integration of prefabrication into the construction industry varies by country with
Finland (80%) being the highest and the United Kingdom (2%) at the other side of the
spectrum [23]. Construction industry stakeholders need practical, scalable, and quickly
deployable technologies and methodologies to address the projected adoption gap.

Although other research studies have evaluated the utilization of prefabrication for
work traditionally completed by commercial carpenters, no studies have attempted to create
an adoptable approach to improve field workforce productivity [24-26]. Prefabrication
and its impacts on carpenter productivity for exterior prefinished wall panels was the
focus of previous research [26]. Utilization of prefabricated wood wall panels is not a
novel idea for wood-framed residential or hospitality buildings [27]. Previous research
has examined the production monitoring and overall process improvement of wood floor
panels [25]. A project utilizing prefabricated wood floor cassettes and the relative impact
to productivity of the carpentry trades was observed, and the results suggest a positive
impact on productivity [24]. While all these studies expanded the body of knowledge,
none presented a novel methodology that can be applied throughout the industry in a
commercial building setting utilizing cold-formed metal stud assemblies. Therefore, this
research study focuses on improving productivity of commercial carpenters, through the
development of an adaptable and scalable workflow model because they represent one
of the largest specialties of skilled trades in the US comprising approximately 10% of
the workforce [28]. Moreover, a detailed research study determined that only 56% of a
carpenter’s day was productive while the balance of the time was spent on non-value-added
tasks [7]. Therefore, improved productivity in the carpentry trade can allow companies to
either increase revenues with the same number of carpenters on staff or offset a dwindling
workforce [16].

Current approaches to constructing interior non-load-bearing commercial wall sys-
tems are constructed through the assembly of cold-formed metal stud materials onsite
by commercial carpenters. This work requires the delivery of stock lengths of metal stud
materials. The top track is installed to the deck above consistent with the wall layout pro-
vided by the architect of the project. The bottom track is affixed to the floor in a matching
layout. Carpenters then field cut the stud material to the necessary length and install the
stud materials to the top and bottom track utilizing mechanical fasteners. This approach
requires the carpenters to ascend to a height sufficient to mechanically fasten each stud to
the top track. Excess material and stud cutoffs are then cleaned up and disposed of.

Accordingly, this study develops a productivity model that provides a practical and
scalable approach to addressing labor challenges in the commercial carpentry trade by
improving project site productivity. This is accomplished by decoupling work traditionally
constructed from material of standardized length in the field to that of a controlled offsite
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facility. The research explores the development of a model methodology to provide an
adaptable approach to prefabrication of building components while decoupling much of
the work from the jobsite to the factory. Evaluation of extensive preplanning efforts in
subassembly design, material staging, and componentization, in addition to the resulting
impact on productivity, is incorporated. The evaluated wall system approach does not
provide structural load-bearing capabilities to the overall structure and can, therefore,
be incorporated in both new construction and commercial renovation projects. The main
contribution of this paper to the body of knowledge is developing an adaptable and scalable
step-by-step methodology for designing, fabricating, and preconstruction for interior metal
stud wall assemblies. The methodology was then implemented and validated on a unique
project with four identical buildings built by the same crew of workers utilizing both
traditional methods and the developed methodology to evaluate the improvement of
field productivity of commercial carpenters. The results from the case study validate the
contribution of the developed methodology in the field of construction productivity.

This paper is organized to include a comprehensive literature review, the model design,
examination of the model’s application in a case study from the factory through the jobsite,
a discussion of the validation of the model, and conclusions from this research.

2. Objective

This study aims to develop a novel productivity model that advances planning and
componentization of wall assemblies to improve jobsite productivity for commercial car-
pentry trades. The model includes three phases: the design phase, the project site pre-
construction planning phase, and the panel fabrication phase. Collectively, the phases
accomplish (1) model design that identifies the important phases of planning and com-
ponentization of wall panel in a fixed plant (i.e., prefab plant), (2) model implementation
that performs the developed model on a real-case study (a single project using all three
phases of the model), and (3) model evaluation that investigates the performance of the
developed model on worksite productivity. The model is developed in such a way that it
can be communicated in a graphical flow chart to assist the users in implementation on
construction projects. Validation of the model’s impact on productivity is also observed
and evaluated on a unique project that allows for the comparison of traditional methods
to the developed model in terms of both labor hours and material expense. Although this
study is focused on one aspect of a specific building trade, the model is presented in a
manner that could be adapted to other building trades and their respective work.

3. Literature Review

Regardless of the part of the world, the construction industry is generally inefficient,
adversarial, and fraught with risk [9,29,30]. Many prime contractors are more focused on
progress than the productivity of its subcontractors. The construction industry needs to
evolve in its approach to how work is planned and executed. To increase the adoption rate,
innovative methodologies need to be practical and relatively quick to implement.

An extensive literature review was conducted focusing on contemporary research of
construction labor productivity, including that of commercial carpenters. Additionally,
a review of prefabrication and its evolution in the construction industry with modern
applications is explored.

3.1. Construction Productivity

A detailed study of multiple projects found that carpentry workers, observed onsite,
spent an average of 56% of their time on productive activities and 44% on nonproductive
activities [7]. Similar results were found in another research study which stated that the
sheer size of the construction industry underscores the importance of evaluating potential
methods for producing productivity gains [31]. Labor is a key component to construction
cost, and low productivity has a direct impact on a construction firm’s cost structure. A
study evaluated the impact of productivity and profitability, suggesting that construction
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industry contractors earn 3-5% as an average pretax margin [32]. This research highlights
that just a 10% improvement in productivity effectively doubles a firm’s pretax net profit.
These findings may propel construction firms to deeply examine methods to enhance
productivity of their trades personnel, such as prefabrication.

3.2. Productivity in Prefabrication

One approach viewed by many to hasten the evolution of the industry is the incorpo-
ration of prefabrication or offsite construction to improve project productivity [5,33-35]. In
order to evolve, construction should embrace a production philosophy similar to manufac-
turing [36]. The manufacturing industry has utilized lean manufacturing for decades as a
means of improving worker productivity and eliminating waste [37,38]. The construction
industry has worked to apply lean principles through the development of lean construc-
tion [39]. Similar to the goals of lean manufacturing, lean construction principles seek to
achieve reduced waste and higher productivity [40].

A detailed study compared the similarities and differences between the construction
and manufacturing industries while evaluating prefabrication in the construction indus-
try [41]. While the current market penetration of prefabricated construction in the US is only
3%, nearly 80% of Architecture/Engineering/Construction (AEC) firms surveyed report
better outcomes and predictability versus traditional methods [42]. However, there are
barriers to more widespread incorporation of prefabrication techniques in the construction
industry. Zhang et al. [43] conducted a survey of 200 AEC professionals and determined
there are at least 22 hindrances to wider adoption of prefabrication, which vary based
on profession. Some of the key hindrances included lack of storage space on site, long
design time, inflexibility for design change, conservative industry culture, high initial cost,
and difficulty of transportation. Any solution developed for integrating prefabrication
into construction project site workflows needs to address each of these obstacles to gain
adoption [44-46].

Unlike the defined environment of a fabrication facility, a construction site presents
many factors that impact construction labor productivity [47]. The findings of their study
identified nine major factors that have a direct impact on onsite productivity. These fac-
tors are temperature (21.7%), humidity (5.5%), precipitation (7.2%), wind speed (10.1%),
gang size (7.1%), labor percentage (7.9%), work type (21.7%), floor level (15.8%), and
work method (3.1%). Nearly 45% of the factors are not within the control of any con-
tractor on site because they are weather-related. The inability to control weather onsite
compared to an ETO’s facility is stated as a positive attribute for prefabrication [19]. In
other words, there are no workdays lost to rain, snow, or excessive temperature within the
prefabrication factory.

Offsite construction utilization can result in efficiency gains of up to 40% per employee.
Others have found that employee empowerment in an offsite facility has a significant
and positive correlation to productivity gains [48]. Unlike traditional construction sites
where trade specialization is the norm, a prefabrication facility allows for employees to be
cross-trained more easily because of the defined environment and standardized approach
to work [49]. Through a case study of timber building construction utilizing prefabrica-
tion, it was determined that productivity was enhanced and equipment cycle times were
reduced [24]. An evaluation on government policies that incentivize the utilization of
prefabrication [50] determined that enhanced worker output was achieved. A study of 66
projects was completed utilizing prefabrication components. They concluded that there
was improvement in productivity if a project incorporated prefabrication approaches in the
construction of the buildings studied [51].

Componentization is a term utilized frequently in the construction industry today. It
refers to the conceptual deconstruction of a building into components that can be manufac-
tured offsite and assembled as more complete building subassemblies. This work is often
complex and time-consuming. Software applications have been developed to streamline
this process and look for methods to optimize the design solution [52]. There are multiple
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approaches and products being developed to incorporate prefabrication into construction
projects. Some research has explored utilizing prefabricated columns with a novel design
compared to traditional column construction [53]. Others have incorporated prefabricated
bathroom pods for hospitals [54]. Early contractor involvement, which is consistent with
the application of MMC, has been found to mitigate some of the pain points inherent in
traditional construction and improve jobsite productivity [8].

Of critical importance, the production sequence needs to be preplanned and validated
in terms of feasibility to ensure that the prefabrication facility can meet the demands of the
field installation [55]. An ETO’s factory is focused on productivity tracking and enhance-
ment. Factors such as a controlled environment and process improvement lead to higher
productivity in an offsite factory [56]. The importance of thorough planning in the con-
struction supply chain is a critical step increasing the likelihood of a successful project [57],
and it becomes even more critical when utilizing ETO prefabricated components [58].

This research builds upon the incorporation of prefabrication to improve productivity
through the development of an adaptable and scalable model approach that incorporates
digital modeling, enhances planning, reduces impacts of weather, and provides prebuilt
components for the skilled trades to install on site.

4. Model Design

The approach of this research is focused on productivity enhancement in the construc-
tion of interior wall assemblies through the development and application of an adaptable
workflow model. To that end, this paper examines the panel workflow steps, preconstruc-
tion planning, and field trade application of the designed model. Most, if not all, buildings
require the construction of interior walls to create functional spaces. This is true for both
new construction and renovations. There is a high frequency of interior wall construction
in commercial buildings; thus, the methodology must address planning, design, and drive
productivity improvement in both project site and factory settings.

This study presents a productivity model that represents the sequential and parallel
steps of the methodology. The incorporation of manufacturing practices such as work
instructions, bills of materials, and detailed drawings into the model, at appropriate phases,
differentiates the model approach from traditional methods. The goal of the model is to
provide a scalable, adaptable, and adoptable framework for incorporating and producing
prefabricated interior wall panels in commercial construction projects. Wall panels are made
up of cold-formed metal framing materials (studs and track) and mechanical fasteners. The
focus of the model development is to improve productivity of the workforce and increase
the certainty of outcome of the project. The developed model also allows workers of various
specialties, at different locations, to visualize the entire process and approach each project
in an adaptable fashion.

Figure 1 shows the resulting model approach. The overall process includes multiple
quality checks at key process points to ensure the products being fabricated align to industry
standards and project design needs. The proposed productivity model presents a flowchart
that provides the workers, throughout the organization, a macrolevel understanding of the
steps necessary to complete the overall process of prefabricating interior wall assemblies.
The model is organized into three cluster phases as shown in Figure 1: the design phase,
the project site preconstruction planning phase, and the panel fabrication phase. Each
phase includes several distinct tasks representing a procedure of the developed model. An
expanded explanation of each phase and task in the workflow is provided below.



Buildings 2023, 13, 68 6 of 20

Identify Project for Compatibility
with Technology
v v

Define Component Requirements 3D Model Building Walls Identified
and Assembly Strategies for ization

DESIGN PHASE

Create Layout Drawing Create Fabrication Tickets
for Field Use for Each Panel

Necessary Supplemental Install Translate Panel Components
Drawings Created to CNC Machine Code
Sort Components into Localized
Groups for Bundles

Create Bundle Layout Plan to
Minimize Movement
During Installation

Brief Field Team on
Project Approach

Machine
Component Pieces
QA/QC Pieces W Reject
Meet Tolerance? Pieces

PROJECT SITE PRECONSTRUCTION PHASE

PANEL FABRICATION PHASE

Band Panels into
Designed Bundles
v
Deliver to Project Site Lm&ﬁcs?qmm

Figure 1. Productivity model.

4.1. Design Phase

The design phase of the model includes critical efforts to evaluate the applicability
and compatibility of a given project to this approach whether the project consists of a new
building or interior renovation. In this phase, project specific component requirements
are defined, and three-dimensional BIM models are built for the project so the walls can
be separated into components. A component is the terminology utilized when taking
a traditionally design wall and segmenting it, for design and fabrication purposes, into
sections and is representative of what will become a wall panel. Traditional approaches
lack preplanning or additional design and are often left to the carpenters to make decisions
on the project. BIM models are built by the Engineer to Order fabricator (ETO) even if
the design model or documents are not provided. It is not a foregone conclusion that
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BIM models will be readily available to the ETO for their use. However, in the event the
architecture team shares the completed BIM model, this process is streamlined because
the ETO does not need to start this phase from scratch. This phase concludes with the
validation that the resultant model and components align with the requirements identified
for this project. The six tasks that constitute this phase are foundational to the success of
the model.

Task 1: Identify project for compatibility with technology—In this task, each project must
be evaluated to determine if a substantial portion of the interior walls are specified with a
size and gauge that can be produced by the roll formers.

Task 2: Define component requirements and assembly strategies—This task includes the
evaluation of created sub-assemblies that aid in efficiency of assembly. Project specific
conditions such as ceiling height, site access, and available trade resources will dictate
component size.

Task 3: 3D model building walls identified for componentization—All walls selected for
componentization are modeled within a software package capable of producing a BIM
model. This includes clashing elements, openings, pockets, steps, notches, and other items
affecting geometry.

Task 4: Break walls into componentized segments—In this task, the entire project is seg-
mented into components based on the 3D BIM model. This task requires multiple iterations
to optimally satisfy layout, fabrication, and installation strategies.

Task 5: Detail wall components—Each wall component is carefully and thoroughly
detailed to provide necessary information to the assembly operation.

Task 6: All components meet requirements—Validate that all components designed meet
the requirements of the project.

4.2. Project Site Preconstruction Phase

The project site preconstruction phase of the model is focused on preparing tools
and information for the installation team to utilize in site preparation and installation
of the wall components. The five tasks of this phase of the model provide alignment
between the design models and the development of practical information used by the
installation carpenters.

Task 7: Create layout drawing for field use—A drawing is created to utilize for detailed
layout operation showing the unique label and terminus of each wall component. This is
performed within a digital platform for transfer to a robotic total station.

Task 8: Create supplemental installation drawings as necessary per job—TIt is critical that
the installation team has the necessary graphical information to enable their installation
process. The components and top of wall conditions utilized through this methodology are
not reflected in the issue for construction documents prepared by the architect of record.
Therefore, a detailed set of documents providing location and panel component number is
developed to provide guidance to the installation carpenters on the jobsite.

Task 9: Sort components into localized groups for bundles—Wall components are organized
into groups by location into groups so that physical bundles can be created as part of the
manufacturing process.

Task 10: Create bundle layout plan to minimize movement during installation—A detailed
plan is developed to communicate the designated location for a bundle to be stocked on the
project site that minimizes the travel distance from the bundle to the location of installation.

Task 11: Brief field team on specific project approach—The field team will be responsible
for the installation of the components on the project site creating the finished product.
Therefore, it is important to have clear communication regarding the specifics of the project
prior to mobilization.

4.3. Panel Fabrication Phase

The panel fabrication phase tasks are focused on providing detailed instructions to the
factory workforce for fabrication of the wall components. This phase culminates in loading
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the completed components onto trucks for transport to the jobsite. Each task of this phase
is explained in further detail below.

Task 12: Create fabrication tickets for each panel—Once the detailing of the components is
complete, a unique and detailed fabrication ticket is created for each panel for utilization
throughout the manufacturing process. This panel ticket is also utilized as a baseline for
performing QA /QC checks of the panel.

Task 13: Translate panel components to CNC machine code—Utilizing the BIM model as
the basis of design, each panel component is run through a series of software packages
to develop the necessary computer code that will drive the CNC machine through the
production of the metal studs.

Task 14: Machine component pieces—Utilizing the machine code, the CNC machines
create the metal stud pieces by punching each hole location, dimpling the area around the
screw hole for alignment, and uniquely labeling each piece. The pieces are then sorted by
panel into carts for organizational purposes.

Task 15: QA/QC pieces meet tolerance—Perform quality check to make sure pieces meet
international code council rolling standards and are consistent with the design.

Task 16: Reject pieces—If any pieces do not pass the quality check per Task 15, they
must be rejected, the root cause of nonconformance must be identified, and the pieces must
be remade.

Task 17: Assemble component panels—The components are assembled utilizing the
developed panel tickets into individual panels.

Task 18: QA/QC panels for squareness and design adherence—A quality check is performed
on the assembled panel to make sure that it is square, all necessary components are installed,
and all fasteners are in place.

Task 19: Band panels into design bundles—The manufactured panels are stacked and
made into bundles for transport consistent with the design.

Task 20: Load trucks in sequence considering how they will be unloaded—Panel bundles are
loaded for transport with the first bundles needed being stacked on top. The panels are
stacked in reverse order so there is no double handling on the jobsite.

Task 21: Deliver—The panels are shipped to the jobsite and unloaded and placed per
the bundle layout plan. The panels are now ready to be installed on the jobsite.

The developed methodology changes the context of the field workforce and those
charged with its oversight. In place of tactical or situational planning on how to construct
the wall construction, the carpenters are presented with a detailed plan to execute the work
along with constructed wall components. This requires that the field trades assigned to
the project adapt to a different approach for the execution of the work. Failure to follow
the detailed plan or arbitrarily modifying the approach while on the construction site will
result in productivity loss. As an example, if the trades responsible for placement of the
panel bundles elect to place them in a location different than specified on the provided
stocking drawing, they may create more steps for the installers or be an obstruction to
other work. That is not to imply, however, that the preconstruction team is infallible, but
that the methodology provides opportunities for input by field representatives to enhance
communication and a collaborative approach prior to mobilization to the jobsite.

Practitioners and academics can utilize the model in either a controlled simulation or
on a project to evaluate the improvement to productivity of field trades. The manufacturing
of stud components to exacting lengths can be accomplished using the CNC machines
discussed in previous sections or can be purchased commercially through many of the
large producers of cold-formed stud material. Many of these manufacturers will now
provide custom and exacting lengths of their material, if ordered in that manner. The
model’s phases underscore the importance of planning and communication to improve the
productivity of the workforce. Construction firms providing commercial carpentry services
can implement the model with a relatively low capital expenditure.



Buildings 2023, 13, 68

9 of 20

5. Implementation

As demonstrated in the developed workflow in Figure 1, the work necessary to
complete the finished wall panel on the jobsite requires specific tasks in both the factory
setting and the project site. A case study of the design and factory aspects of the model’s
workflow was evaluated separate from the implementation and installation of the wall
components on the jobsite to evaluate, from concept through installation, the validity of
the workflow coupled with enhanced productivity of the tradesmen on the project. The
developed model was tested and validated on a multibuilding government-owned housing
project for veterans in Michigan. The project consists of four identical buildings referred
to as C-1, C-2, C-3, and C-4. The structures were single story cold-formed load-bearing
buildings with metal trusses for roof framing. Drywall was installed on the bottom cord
of the trusses to provide a fire barrier. The majority of the floor plate was dedicated to
living apartments. The interior walls were constructed on top of the concrete building
slab-on-grade to the underside of the drywall ceiling creating the demising partitions
between the apartments, bathrooms, and hallways. The issued for construction plans are
drawn for traditional field-built construction. Figure 2 shows the layout of the buildings
on the site. It should be noted that the buildings are symmetrical about the centerline in
the figure.

Cca

,J“>
-
s
—
o
|
|
\'Q‘ -
Q | g

Figure 2. Project site layout showing configuration of buildings.

Buildings C-3 and C-4 were traditionally framed. As an initial test of the developed
model’s application, building C-1 was built utilizing the developed model for installing half
of the prefabricated wall panels while the other half was built by utilizing the traditional
framing method. Building C-2 was built utilizing the developed model for all prefabricated
interior wall panels.

5.1. Case Study Factory

The project was awarded to the carpentry subcontractor through a competitive bid
process. The original estimate was prepared utilizing traditional methods of construction.
After the decision was made to utilize offsite prefabricated wall assemblies, the carpentry
subcontractor engaged the services of a related ETO fabricator entity to develop a design
solution for the selected project.

5.1.1. Design Phase

Wall layouts are optimized during the design phase to create the ideal layout of wall
assemblies. Figure 3a shows a sample portion of the wall panel plan to componentize the
walls that were designed by the architect to be traditionally field built.
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Figure 3. (a) Example of wall layout for panelization; (b) three-dimensional model of a wall panel.

Previous studies emphasized the importance of specific detailing, including
three-dimensional models, by ETO fabricators as a critical success factor [59]. Echoing the
importance of that research, Figure 3b shows an example of a wall panel’s three-dimensional
model developed utilizing BIM software. In this example, the bottom track or wall bottom
plate is shown to continue through the door opening. The design was specifically created
to provide stability and squareness to the wall panel for transportation, stocking, and
installation purposes. Without it, the component would be unstable and difficult for a
single individual to handle and install. The portion of the bottom plate that spans the
doorway had its web through-punched in the factory by the roll-forming machine to make
the removal after the component was installed in the field simpler because the installing car-
penter could cut the stud flanges utilizing handheld metal snips at four locations adjacent
to the studs.

5.1.2. Panel Fabrication Phase

Detailed panel shop tickets are needed to provide the information about the dimen-
sioning of locations of the pieces and a bill of material for the stud material. Figure 4
presents a sample corresponding to the shop ticket of the same wall panel depicted in
Figure 3b.

Unlike bundles of metal studs and track traditionally banded together in quantities
of 10 units, the prefabricated assemblies take up more volume for transport. This is a key
challenge to ETO companies when they look for ways to minimize transportation costs to
make their products more desirable to the marketplace [46]. This is generally accomplished
through advanced planning of material handling, packaging, and stacking of prefabricated
components. This same approach was undertaken in the planning to ship the wall panels
necessary to complete this project. Figure 5 presents an example stacking plan for the
complete wall panels. Each number on the drawing represents a unique panel number
to communicate to the conveyance staff in the factory the proper stacking and bundling
order necessary to optimize the trailer utilization to minimize cost. The stacking order
was designed so that the first panel in the field installation series would be on the top of
the stack. This detailed preplanning eliminates the need for the field carpenter to search
through the stack for the next wall panel.
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Figure 5. Example panel shop fabrication ticket.

Each wall panel has a sleeve that accompanies it from production of the parts through
loading. These sleeves are visible in Figure 6. Within the sleeve, there is a paper drawing of
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the panel along with QA /QC sheets for sign off by the workers at each station to validate
that what is built matches what was designed. On the front of the sleeve is a unique
OR code utilized by the ETO to track the location and progress of each panel throughout
the process.

Metal Studs

Cart

Figure 6. Example panel shop fabrication ticket.

The wall panels are assembled in work cells containing large steel framing squares.
These squares are permanently fastened to the floor and contain tabs to support the bottom
wall plate and one outer stud. The tabs are at the ground level and validated utilizing a
laser. Figure 7 shows two workers assembling a wall panel. The bottom plate is temporarily
clamped to the square along with the outermost stud. This maintains the squareness of the
wall panel while allowing for rapid assembly.

Studs

Bottom Track

Framing Square

Temporary
Framing
Support

Figure 7. Wall panel assembly in plant.
5.2. Case Study Project Site

The physical characteristics and dimensions of the buildings were identical and located
adjacent to one another on the same project site. The buildings were each symmetrical
about their short axis. Therefore, the labor and material estimates for the buildings were
identical. The project was completed by the same foreman (site supervisor) for all the
buildings, and the framing crew was constant throughout. The order of construction of the
buildings was C-3, C-4, C-1, and C-2, per the construction manager’s schedule.
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Two of the buildings (C-3 and C-4) were traditionally framed as drawn in the con-
struction documents that were issued to the specialty subcontractor bidders. Traditional
framing would approach this project with stock lengths or perhaps precut lengths of studs,
manufactured by an acceptable industry manufacturer and stocked onsite by a construction
material vendor. Walls and penetrations would be laid out on the slab. The top and bottom
tracks for the wall panel would then be installed to align with the layout. Commercial
carpenters would measure, cut, and mechanically fasten the individual stud components
to create the wall. Fastening the stud to the top track would require utilization of a scaffold,
ladder, or lift, exposing the carpenter to repeated fall exposure. Each stud would have to
be checked for plumbness prior to mechanically fastening. Penetrations and door openings
would be framed with smaller stud components to adhere to the rough opening sizes on the
design documents. To explore the application of the model and provide some familiarity to
the approach for the field carpenters, building C-1 was constructed half traditional and half
utilizing the model about the symmetrical access of the building. One of the buildings (C-2)
was constructed utilizing the model for the design, site preconstruction planning phase,
and fabrication.

5.2.1. Project Site Preconstruction Phase

Panel stacks located within the building were designed to minimize the number of
steps from the panel stack to the installation location of the wall panel, and to improve
productivity accordingly. Figure 8 shows an example for a portion of one of the buildings.
The hatched rectangles represent the panel stacks and their location and stack number for
utilization by the field team during stocking operations. The stocking plan was overlaid
on the panel layout plan to give the installation crews information so they could properly
install the wall panels.

Panel Stacks

Wall Panel Number

Figure 8. Example site panel stacking plan.

0 EmcED

o

While the layout plan provides detailed information relative to the planned location
for installation of each wall panel, it could be cumbersome for the carpenters charged
with installation to refer to the drawing frequently. A plan was devised to incorporate
an advanced form of wall layout and labeling to substantially reduce the frequency the
installation carpenters would have to consult the layout plan. Figure 9 shows an example of
wall layout. Rather than just indicating the outline of a typical wall bottom plate, it includes
the panel number and lines depicting the start and end of each panel. The ETO designer
can provide their layout drawing to function as the basis of this layout for utilization of a
robotic total station in the layout process.
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Edge of Wall Line

Wall Panel Number

Figure 9. Example advanced wall layout for panel installation.

To enhance installation speed and reduce the need for the installation carpenters to
go up and down scaffolding or ladders to affix the wall panels to the ceiling, a nested
track detail was developed. This detail utilizes a deep-leg cold-formed track typically used
for deflection at the top of wall. This track was installed in advance of the prefabricated
wall panel delivery to mirror the layout on the floor. By utilizing this detail, the wall
assemblies produced by the ETO fabricator did not require the installation carpenters to
climb scaffolding or ladders for installation. Rather, the wall panels could be installed from
the ground. The wall assemblies produced for this project have a top track included as part
of the panel. Figure 10 shows an example of deep-leg top track installed in preparation for
installation of prefabricated wall panels.

Fire
Sprinkler
Pipe
TDeeCI;( Leg _— 8
ra
Concrete
Floor
Deck

Figure 10. Example deep-leg track preinstallation.

5.2.2. Project Site Installation

The model’s purpose is to reduce the necessary man-hours on the project site through
the decoupling of typical field tasks such as cutting and screwing components together.
Regionally, and according to the direct experience of the authors, commercial carpenters
would be expected to install, on average, 65 lineal feet of wall per 8 h workday. The
application of the model is expected to substantially improve the output in the field
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relative to lineal feet of complete wall per workday. The hypothesis is that, through the
application of the developed model in this study, each wall panel will be installed by one
carpenter, which will improve the overall productivity of the commercial carpenter crew
by at least 16%, increasing the productivity from 65 lineal feet to 78 lineal feet of wall per
day. As previously discussed, field productivity enhancements of 10% can nearly double a
construction firm’s pretax bottom line [32]. Figure 11 depicts the current expected output
per worker in an 8 h workday compared to the predicted output utilizing the model.

Target Field Productivity Increase Through
Application of Novel Methodology

Predicted Productivity with Novel ‘
Methodology

Traditional Production ‘

55 60 65 70 75 80
Lineal Feet of Framed Wall Per Man Day

Figure 11. Traditional approach and predicted model output per worker per workday.

Table 1 presents a comparison of the tasks required for the traditional approach for wall
framing compared to the developed methodology. In addition to the tasks, approximate
person-minutes required to complete the tasks are provided. The person-minutes utilized
are consistent with durations experienced in the general geography of the test project by
journeyman commercial carpenters completing similar work. The comparison of tasks is in
the context of 12 linear feet of interior wall inclusive of one typical door rough opening. To
accomplish this task with the developed methodology, two wall panel components would
be necessary.

Table 1. Time comparison for onsite work tasks of traditional framing approach compared to
utilization of prefabricated wall assemblies for 12 lineal feet of wall including one door opening.

Traditional Approach

Innovative Methodology

Work tasks
Layout wall
Stock stud material
Install top track
Install bottom track
Measure studs
Cut studs
Install studs
Screw studs
Frame door opening
Clean up scrap
Total time =

Avg. Time per task (person-mins) Work tasks Avg. time per task (person-mins)

5 Layout wall 7
10 Stock stud assemblies 15
8 Install top track 8
6 Install wall panel 4
4 Install door opening panel 4
10 Remove door panel bottom track 2
5 Clean up scrap 2
8

30

4

90 Total time = 42

Labor hours were collected, and material costs were tabulated for each of the buildings
by project engineers employed by the specialty contractor and stationed at the project site
to collect data in detail. Table 2 presents the results of the data collection process and the
original estimated labor and material values.
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Table 2. Resulting labor and material data along with estimated values from project (USD).
Traditional Traditional Prefab Traditional/
Prefab

C-3 C-4 C-2 C1 Estimate

Hours 1148 1409 1071 1425 1289
Labor $45,932 $56,896 $37,188 $52,051 $45,773
Material $46,875 $47,768 $75,740 $38,708 $56,183
Totals $92,807 $104,665 $112,928 $90,759 $101,956

The collected data were then compared to the estimated values for both labor and
material for evaluation. The labor cost for building C-3 ($45,932 USD) was slightly over the
original estimate, and the labor for building C-4 ($56,896 USD) exceeded the estimate by
24%. Reviewing the total cost of building C-3 compared to estimate, there was a favorable
outcome of $92,807 USD, which translates into approximately 9% better than estimate.
Although the hours on building C-1 exceeded the estimate, the total hours did not exceed
the traditionally built building C-4. Building C-1 was 136 h (10.5%) over estimate, whereas
building C-4 was 120 h (9.3%) over estimate and 16 h less than building C-1. On building
C-1, substantial hours were spent moving the panels into the building and getting the panel
stacks properly located consistent with the stocking plan. Typically, the third-party supplier
of the stud material will provide the stocking in this geographical marketplace within
the price of the stud material; hence, no labor hours are incurred by the subcontractor for
the initial material stocking to the project utilizing typical stud lengths. This results in
an additive labor cost factor associated with the utilization of prefabricated components.
Adding to the labor hours of building C-1 was also the learning curve experienced by the
installation carpenters as they had never installed prefabricated interior wall panels before.
One of the reasons for completing C-1 half traditionally and half utilizing prefabricated wall
panels was to provide the installation carpenters the ability to learn prior to commencing
building C-2. Even with the additional stocking labor necessary for the placement of panels
throughout the building, building C-2 has a large reduction in labor hours compared to
C-4 and C-1. This reduction was in part a result of the installation carpenters becoming
more familiar with the process and trusting that the advanced layout and wall panels were
designed correctly.

6. Model Evaluation

After the project was completed, the data collected by the project engineers on the
site relative to labor and material were evaluated. The resulting values were compared to
the estimate and analyzed for monetary variances. On the basis of this evaluation, there is
consistency in the material costs for buildings C-3 ($46,875.59 USD) and C-4 ($47,768.84
USD), with both costing less than the estimated amount ($56,182.69 USD). Building C-1
($38,707.95 USD) has an unexpectedly lower material cost than the buildings C-3 and C-4.
This is likely the result of excess material procured for buildings C-3 and C-4 being utilized
on building C-1 but with the invoicing coded to the previously constructed buildings.
Most of the material cost for building C-1 was the wall panels procured from the ETO
fabricator. The elevated cost, compared to the other buildings on the project (~60% more
than the average of C-3 and C-4) and the estimate (~35% more than the estimate), incurred
on building C-2 ($75,740.17 USD) is reflective of the costs billed to the subcontractor by the
ETO fabricator for the wall panels. These costs include the transportation costs required for
wall panels. Typically, transportation costs are included within the standard stud pricing
bought through industry third party material vendors. Additional transportation costs
are inherent when utilizing prefabrication. To construct the designed assembly, the walls
require an additional top track be utilized as the nesting track for the wall component. The
original bid estimate effectively did not account for the utilization of two top plates for the
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walls (deep-leg track and wall panel top track) in its pricing, but the cost incurred for the
project did accurately account for this increased material cost.

The carpentry framing personnel and crew size were constant across all four buildings.
The repeatability of architectural design for the four buildings and the utilization of the
same crew provides for a unique research opportunity for actual comparison of the tradi-
tional construction methods to the results by incorporating the model. According to the
collected data, the project saved between 7% and 23% of the labor hours compared to the
control buildings and 17% compared to the estimate when incorporating the prefabricated
wall panels.

7. Conclusions

This study developed a model that provides a defined procedure for design and
implementation of prefabricated commercial wall assemblies. The main contribution of this
study to the body of knowledge is through the development of an adaptable and scalable
model for improving field productivity for projects utilizing cold-formed metal stud walls.
The application can be broadly utilized in both new and renovation projects within vertical
construction projects.

The developed model in this study has three phases: design phase, project site pre-
construction planning phase, and panel fabrication phase. The design phase of the model
identifies the planning and solutions to be utilized on a given project. The project site
preconstruction phase focuses on the delivery of detailed, practical information for the
carpenters and support staff to utilize in the installation of the wall panels. The panel fabri-
cation phase implements the results of the design phase through the material manufacture,
wall panel assembly, quality verification, and preparation for transport.

The evaluation of the model on a real project provided key insights relative to its
potential impact on productivity. The results of the field case study demonstrated that,
compared to the traditionally built walls in two of the project’s buildings (C-3, C-4), the
utilization of prefabricated wall assemblies in the other two buildings saved (i) between 7%
and 23% of the labor hours, and (ii) 17% compared to the cost estimate compared of the
control buildings (i.e., traditionally constructed). Since the crew size was the same through-
out, the results suggested that there was indeed a productivity improvement through the
application of the procedures outlined by the model. Idle and nonproductive time was
reduced, compared to traditional methods, as the carpenters spent their time installing
the prefabricated wall assemblies per the plan. However, there is still a challenge due to
the increased cost of the prefabricated wall panels compared to traditional stud material.
These costs are largely driven by equipment cost, plant overhead, and transportation costs.
While there has been extensive utilization of wood wall panels for new construction of
residential and hospitality buildings, the developed model provides a practical imple-
mentation approach to practitioners in the commercial framing space for both new and
renovation projects.

The results reflect a case study of a single project from both the perspective of the
ETO fabricator and the specialty subcontractor. The specialty subcontractor does not have
control of other subcontractors and, therefore, cannot fully prevent the potential adverse
effects of their actions. It is noteworthy to mention that the primary focus of the paper
was not to determine the lowest possible cost but rather to examine the application of
prefabricated components and the impact on labor productivity. The proposed method can
result in higher material costs because of necessary logistics and distance from the place of
manufacture and the value-added labor at the manufacturing facility.

Author Contributions: Conceptualization, A.R. and A.K.; methodology, A.R. and B.V,; software, B.V,;
validation, A.R., AK. and B.V,; investigation, A.R.; resources, A.R.; data curation, A.R.; writing—
original draft preparation, A.R.; writing—review and editing, A.K,; visualization, A.R., AK. and B.V.;
supervision, A.K.; project administration, A.R. and A K. All authors have read and agreed to the
published version of the manuscript.



Buildings 2023, 13, 68 18 of 20

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Lawrence Technological University
(27 January 2021).

Informed Consent Statement: Not Applicable.

Data Availability Statement: All data, models, and code generated or used during the study appear
in the submitted article.

Acknowledgments: The authors express their gratitude to The Bouma Corporation and Centerline
Prefab, LLC for making the data available for the purposes of this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Business Wire. Global Construction Industry Report 2021: $10.5 Trillion Growth Opportunities by 2023—ResearchAndMar-
kets.com. 2021. Available online: https://www.businesswire.com/news/home/20210111005587/en/Global-Construction-
Industry-Report-2021-10.5-Trillion-Growth-Opportunities-by-2023---ResearchAndMarkets.com (accessed on 14 October 2021).
Koskela, L. Is structural change the primary solution to the problems of construction? Build. Res. Inf. 2003, 31, 85-96. [CrossRef]
Naoum, S.G. Factors influencing labor productivity on construction sites. Int. J. Prod. Perform. Manag. 2016, 65, 401-421.
[CrossRef]

Ahmed, S.M.; Emam, H.H.; Farrell, PE.T.E.R. Barriers to BIM/4D implementation in Qatar. Smart Sustain. Healthy Cities 2014, 535.
[CrossRef]

Barbosa, F,; Parsons, M.; Mischke, J. Improving Construction Productivity, Global Infrastructure Initiative. 2017. Available online:
https:/ /www.globalinfrastructureinitiative.com/article /improving-construction-productivity (accessed on 8 October 2021).
Koutsogiannis, A. UK Could Save £15 Billion Every Year by Lifting Construction Productivity LetsBuild. 2018. Available online:
https:/ /www.letsbuild.com /blog /uk-could-save-15-billion-by-lifting-construction-productivity (accessed on 8 October 2021).
Hewage, K.N.; Ruwanpura, ].Y. Carpentry workers issues and efficiencies related to construction productivity in commercial
construction projects in Alberta. Can. J. Civ. Eng. 2006, 33, 1075-1089. [CrossRef]

Pheng, L.S.; Gao, S.; Lin, J.L. Converging early contractor involvement (ECI) and lean construction practices for productivity
enhancement. Int. J. Prod. Perform. Manag. 2015, 64, 831-852. [CrossRef]

Nadi, E. Construction Labor Productivity Benchmarking: A Comparison between On-Site Construction and Prefabrication. Ph.D.
Thesis, Marquette University, Milwaukee, WI, USA, 2019. Available online: http://www.proquest.com/docview /2303121245
/abstract/6D8E07747E94382PQ/ 1 (accessed on 5 October 2021).

Albattah, M.A.; Goodrum, PM.; Taylor, T.R.B. Demographic Influences on Construction Craft Shortages in the U.S. and Canada.
2015. Available online: https://open.library.ubc.ca/soa/cIRcle/collections /52660 /items/1.0076372 (accessed on 8 October 2021).
Schwatka, N.V.; Butler, L.M.; Rosecrance, ]. An Aging Workforce and Injury in the Construction Industry. Epidemiol. Rev. 2012, 34,
156-167. [CrossRef] [PubMed]

Sokas, R.K.; Dong, X.S.; Cain, C.T. Building a Sustainable Construction Workforce. Int. ]. Environ. Res. Public Health 2019, 16, 4202.
[CrossRef]

Albattah, M.A.; Goodrum, PM.; Taylor, T.R.B. New Metric of Workforce Availability among Construction Occupations and
Regions. Pract. Period. Struct. Des. Constr. 2019, 24, 04019003. [CrossRef]

Karimi, H.; Taylor, T.R.B.; Goodrum, P.M. Analysis of the impact of craft labour availability on North American construction
project productivity and schedule performance. Constr. Manag. Econ. 2017, 35, 368-380. [CrossRef]

Karimi, H.; Taylor, T.R.B.; Dadi, G.B.; Goodrum, PM.; Srinivasan, C. Impact of Skilled Labor Availability on Construction Project
Cost Performance. J. Constr. Eng. Manag. 2018, 144, 04018057. [CrossRef]

Riberinho, M.J.; Mischke, J.; Strube, G.; Sjodin, E.; Blanco, J.L.; Palter, R.; Biorck, J.; Rockhill, D.; Andersson, T. How Disruption
is Reshaping Construction | McKinsey. 2020. Available online: https://www.mckinsey.com/business-functions/operations/our-
insights/the-next-normal-in-construction-how-disruption-is-reshaping-the-worlds-largest-ecosystem (accessed on 14 October 2021).
BuiltWorlds 6 Ways Emerging Tech is Addressing the Construction Industry’s Labor Shortage. 2018. Available online: https:
/ /builtworlds.com/news/6-ways-emerging-tech-addressing-construction-industrys-labor-shortage/ (accessed on 4 October 2021).
Khan, H.; Jain, K. Study on the Trends & Usage of Prefabrication and Modularization: Increasing Productivity in the Construction
Industry. Int. ]. Civ. Eng. Res. 2017, 8, 81-89.

Das, S. Global Research and Analytics Firm. 2020. Available online: https://www.aranca.com/knowledge-library/articles/
business-research/construction-technology-trend-prefabrication (accessed on 4 October 2021).

Davis, K. Prefabrication + the New Frontier Construction Superintendent. 2020. Available online: https:/ /consupt.com/2020/0
1/prefabrication-the-new-frontier/ (accessed on 4 October 2021).


https://www.businesswire.com/news/home/20210111005587/en/Global-Construction-Industry-Report-2021-10.5-Trillion-Growth-Opportunities-by-2023---ResearchAndMarkets.com
https://www.businesswire.com/news/home/20210111005587/en/Global-Construction-Industry-Report-2021-10.5-Trillion-Growth-Opportunities-by-2023---ResearchAndMarkets.com
http://doi.org/10.1080/09613210301999
http://doi.org/10.1108/IJPPM-03-2015-0045
http://doi.org/10.13140/rg.2.1.4990.4164
https://www.globalinfrastructureinitiative.com/article/improving-construction-productivity
https://www.letsbuild.com/blog/uk-could-save-15-billion-by-lifting-construction-productivity
http://doi.org/10.1139/l06-050
http://doi.org/10.1108/IJPPM-02-2014-0018
http://www.proquest.com/docview/2303121245/abstract/6D8E07747E94382PQ/1
http://www.proquest.com/docview/2303121245/abstract/6D8E07747E94382PQ/1
https://open.library.ubc.ca/soa/cIRcle/collections/52660/items/1.0076372
http://doi.org/10.1093/epirev/mxr020
http://www.ncbi.nlm.nih.gov/pubmed/22173940
http://doi.org/10.3390/ijerph16214202
http://doi.org/10.1061/(ASCE)SC.1943-5576.0000413
http://doi.org/10.1080/01446193.2017.1294257
http://doi.org/10.1061/(asce)co.1943-7862.0001512
https://www.mckinsey.com/business-functions/operations/our-insights/the-next-normal-in-construction-how-disruption-is-reshaping-the-worlds-largest-ecosystem
https://www.mckinsey.com/business-functions/operations/our-insights/the-next-normal-in-construction-how-disruption-is-reshaping-the-worlds-largest-ecosystem
https://builtworlds.com/news/6-ways-emerging-tech-addressing-construction-industrys-labor-shortage/
https://builtworlds.com/news/6-ways-emerging-tech-addressing-construction-industrys-labor-shortage/
https://www.aranca.com/knowledge-library/articles/business-research/construction-technology-trend-prefabrication
https://www.aranca.com/knowledge-library/articles/business-research/construction-technology-trend-prefabrication
https://consupt.com/2020/01/prefabrication-the-new-frontier/
https://consupt.com/2020/01/prefabrication-the-new-frontier/

Buildings 2023, 13, 68 19 of 20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Business Wire. Global Construction Market Expected to Reach $16.6 Trillion by 2025, Growing at a CAGR of 7%-Re-
searchAndMarkets.com. 2021. Available online: https://www.businesswire.com/news/home/20210309005459 /en/Global-
Construction-Market-Expected-to-Reach-16.6-Trillion-by-2025-Growing-at-a-CAGR-of-7---ResearchAndMarkets.com (accessed
on 11 November 2022).

Mordor Intelligence. Prefabricated Building System Market Forecast, Trends 2022-2027. 2021. Available online: https://www.
mordorintelligence.com/industry-reports/prefabricated-building-system-market (accessed on 11 November 2022).
Navaratnam, S.; Satheeskumar, A.; Zhang, G.; Nguyen, K.; Venkatesan, S.; Poologanathan, K. The challenges confronting
the growth of sustainable prefabricated building construction in Australia: Construction industry views. J. Build. Eng. 2022,
48,103935. [CrossRef]

Forsythe, PJ.; Sepasgozar, S.M. Measuring installation productivity in prefabricated timber construction. Eng. Constr. Arch.
Manag. 2019, 26, 578-598. [CrossRef]

Ritter, C.; Li, X.; Al-Hussein, M. Production Monitoring and Process Improvement for Floor Panel Manufacturing. In Proceedings
of the Modular and Offsite Construction (MOC) Summit, Edmonton, AB, Canada, 29 September—1 October 2016. [CrossRef]
Root, S.P,; Cribbs, J.; Chasey, A.D. Case Study: Off-site manufacturing of EIFS Panelized Wall Assemblies to Gain Efficiency in
Construction Sequencing. In Proceedings of the Modular and Offsite Construction (MOC) Summit, Banff, AB, Canada, 21-24
May 2019; pp. 357-364. [CrossRef]

Wasim, M.; Han, T.M.; Huang, H.; Madiyev, M.; Ngo, T.D. An approach for sustainable, cost-effective and optimised material
design for the prefabricated non-structural components of residential buildings. J. Build. Eng. 2020, 32, 101474. [CrossRef]
Construction | Data USA. 2021. Available online: https://datausa.io/profile/naics/construction-23 (accessed on 8 October 2021).
LAbramowicz; Banaszak, J.; Jayanth, T.; Zarrinkoub, H. Collaborative Contracting: An Alternative to Integrated Project
Delivery (IPD) | McKinsey. 2020. Available online: https://www.mckinsey.com /business-functions/operations/our-insights/
collaborative-contracting-making-it-happen (accessed on 14 October 2021).

KarimiAzari, A.; Mousavi, N.; Mousavi, S.F; Hosseini, S. Risk assessment model selection in construction industry. Expert Syst.
Appl. 2011, 38, 9105-9111. [CrossRef]

Goodrum, PM.; Haas, C.T. Long-Term Impact of Equipment Technology on Labor Productivity in the U.S. Construction Industry
at the Activity Level. J. Constr. Eng. Manag. 2004, 130, 124-133. [CrossRef]

Stevens, M.; Smoulders, J. Australian Construction Multifactor Productivity is the Same in 1998 as in 2019: WHY? Construct, No.
Four. 2020. Available online: https:/ /www.constructmagazine.com.au/wp-content/uploads/2020/12/Construct-Issue-Four-
2020-WEB.pdf (accessed on 6 June 2022).

Bleasby, J. Inside Innovation: Construction’s Post-COVID Technology Opportunity—constructconnect.com Daily Commercial
News. 2020. Available online: https://canada.constructconnect.com/dcn/news/technology/2020/06/inside-innovation-
constructions-post-covid-technology-opportunity (accessed on 8 October 2021).

Callam, B. Prefab & Offsite Construction Help Battle COVID-19 | McCarthy. 2020. Available online: https://www.mccarthy.com/
insights /prefab-construction%E2%80%99s-secret-weapon-against-covid-19 (accessed on 8 October 2021).

Parsons, J. Extensive Use of Prefab Speeds Delivery of Fast-Track Phoenix Hospital. 2019. Available online: https://www.enr.
com/articles /48407-extensive-use-of-prefab-speeds-delivery-of-fast-track-phoenix-hospital (accessed on 8 October 2021).
Koskela, L. Application of the New Production Philosophy to Construction; Stanford University: Stanford, CA, USA, 1992.

Levinson, W.A. Lean Management System LMS:2012: A Framework for Continual Lean Improvement, 1 Online Resource (xii, 189 Pages):
Ilustrations Vols; CRC Press: Boca Raton, FL, USA, 2013. [CrossRef]

Gupta, S; Jain, S.K. A literature review of lean manufacturing. Int. J. Manag. Sci. Eng. Manag. 2013, 8, 241-249. [CrossRef]

LCI. About Us | Lean Construction Institute (LCI) Lean Construction Institute; Threshold Technologies, Inc.: Chino, CA, USA, 2022.
Available online: https://leanconstruction.org/pages/about-us/ (accessed on 6 June 2022).

Ramani, P.V.; Ksd, L.K.L. Application of lean in construction using value stream mapping. Eng. Constr. Arch. Manag. 2021, 28,
216-228. [CrossRef]

Mostafa, S.; Chileshe, N.; Abdelhamid, T. Lean and agile integration within offsite construction using discrete event simulation.
Constr. Innov. 2016, 16, 483-525. [CrossRef]

Goodman, J. Modular Monitor: PCL, Clark, DPR, Mortenson, Others Embrace Offsite Construction. 2020. Available online: https:
/ /www.constructiondive.com/news/modular-monitor-pcl-clark-dpr-mortenson-others-embrace-off-site-constru /571437 / (ac-
cessed on 4 October 2021).

Zhang, W.; Lee, M.W.; Jaillon, L.; Poon, C.S. The hindrance to using prefabrication in Hong Kong’s building industry. J. Clean.
Prod. 2018, 204, 70-81. [CrossRef]

Bertram, N.; Fuchs, S.; Mischke, J.; Palter, R.; Strube, G.; Woetzel, ]. Modular Construction: From Projects to Products | McKinsey.
2019. Available online: https:/ /www.mckinsey.com/business-functions/operations/our-insights /modular-construction-from-
projects-to-products (accessed on 14 October 2021).

Hong, J.; Shen, G.Q.; Li, Z.; Zhang, B.; Zhang, W. Barriers to promoting prefabricated construction in China: A cost-benefit
analysis. J. Clean. Prod. 2018, 172, 649-660. [CrossRef]

Lee, Y.; Kim, ].I,; Khanzode, A.; Fischer, M. Empirical Study of Identifying Logistical Problems in Prefabricated Interior Wall
Panel Construction. . Manag. Eng. 2021, 37, 05021002. [CrossRef]


https://www.businesswire.com/news/home/20210309005459/en/Global-Construction-Market-Expected-to-Reach-16.6-Trillion-by-2025-Growing-at-a-CAGR-of-7---ResearchAndMarkets.com
https://www.businesswire.com/news/home/20210309005459/en/Global-Construction-Market-Expected-to-Reach-16.6-Trillion-by-2025-Growing-at-a-CAGR-of-7---ResearchAndMarkets.com
https://www.mordorintelligence.com/industry-reports/prefabricated-building-system-market
https://www.mordorintelligence.com/industry-reports/prefabricated-building-system-market
http://doi.org/10.1016/j.jobe.2021.103935
http://doi.org/10.1108/ECAM-09-2017-0205
http://doi.org/10.29173/mocs10
http://doi.org/10.29173/mocs114
http://doi.org/10.1016/j.jobe.2020.101474
https://datausa.io/profile/naics/construction-23
https://www.mckinsey.com/business-functions/operations/our-insights/collaborative-contracting-making-it-happen
https://www.mckinsey.com/business-functions/operations/our-insights/collaborative-contracting-making-it-happen
http://doi.org/10.1016/j.eswa.2010.12.110
http://doi.org/10.1061/(ASCE)0733-9364(2004)130:1(124)
https://www.constructmagazine.com.au/wp-content/uploads/2020/12/Construct-Issue-Four-2020-WEB.pdf
https://www.constructmagazine.com.au/wp-content/uploads/2020/12/Construct-Issue-Four-2020-WEB.pdf
https://canada.constructconnect.com/dcn/news/technology/2020/06/inside-innovation-constructions-post-covid-technology-opportunity
https://canada.constructconnect.com/dcn/news/technology/2020/06/inside-innovation-constructions-post-covid-technology-opportunity
https://www.mccarthy.com/insights/prefab-construction%E2%80%99s-secret-weapon-against-covid-19
https://www.mccarthy.com/insights/prefab-construction%E2%80%99s-secret-weapon-against-covid-19
https://www.enr.com/articles/48407-extensive-use-of-prefab-speeds-delivery-of-fast-track-phoenix-hospital
https://www.enr.com/articles/48407-extensive-use-of-prefab-speeds-delivery-of-fast-track-phoenix-hospital
http://doi.org/10.1201/b12529
http://doi.org/10.1080/17509653.2013.825074
https://leanconstruction.org/pages/about-us/
http://doi.org/10.1108/ECAM-12-2018-0572
http://doi.org/10.1108/CI-09-2014-0043
https://www.constructiondive.com/news/modular-monitor-pcl-clark-dpr-mortenson-others-embrace-off-site-constru/571437/
https://www.constructiondive.com/news/modular-monitor-pcl-clark-dpr-mortenson-others-embrace-off-site-constru/571437/
http://doi.org/10.1016/j.jclepro.2018.08.190
https://www.mckinsey.com/business-functions/operations/our-insights/modular-construction-from-projects-to-products
https://www.mckinsey.com/business-functions/operations/our-insights/modular-construction-from-projects-to-products
http://doi.org/10.1016/j.jclepro.2017.10.171
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000907

Buildings 2023, 13, 68 20 of 20

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Moselhi, O.; Khan, Z. Significance ranking of parameters impacting construction labour productivity. Constr. Innov. 2012, 12,
272-296. [CrossRef]

Alazzaz, F; Whyte, A. Linking employee empowerment with productivity in off-site construction. Eng. Constr. Arch. Manag.
2015, 22, 21-37. [CrossRef]

Avva, V.S.R.; Chamberlin, S. Multi-skilling and crosstraining of labor in prefabrication construction industry by MCDM method.
Mater. Today Proc. 2020, 33, 620-625. [CrossRef]

Gao, Y,; Tian, X.-L. Prefabrication policies and the performance of construction industry in China. J. Clean. Prod. 2020, 253, 120042.
[CrossRef]

Shahzad, W.; Mbachu, J.; Domingo, N. Marginal Productivity Gained Through Prefabrication: Case Studies of Building Projects
in Auckland. Buildings 2015, 5, 196-208. [CrossRef]

Said, H.M.; Chalasani, T.; Logan, S. Exterior prefabricated panelized walls platform optimization. Autom. Constr. 2017, 76, 1-13.
[CrossRef]

Jeong, J.; Hong, T.; Ji, C.; Kim, J.; Lee, M.; Jeong, K.; Lee, S. An integrated evaluation of productivity, cost and CO, emission
between prefabricated and conventional columns. J. Clean. Prod. 2017, 142, 2393-2406. [CrossRef]

Ferenc. Prefabricated Elements Cut Costs and Time from New Hospital Project | HFM Health Facilities Magazine. 2015. Available
online: https://www.hfmmagazine.com/articles/1467-prefabricated-elements-cut-costs-and-time-from-new-hospital-project
(accessed on 4 October 2021).

Arashpour, M.; Wakefield, R.; Abbasi, B.; Lee, E.; Minas, J. Off-site construction optimization: Sequencing multiple job classes
with time constraints. Autom. Constr. 2016, 71, 262-270. [CrossRef]

Martinez, P; Barkokebas, B.; Hamzeh, F.; Al-Hussein, M.; Ahmad, R. A vision-based approach for automatic progress tracking of
floor paneling in offsite construction facilities. Autom. Constr. 2021, 125, 103620. [CrossRef]

Thunberg, M.; Fredriksson, A. Bringing planning back into the picture—How can supply chain planning aid in dealing with
supply chain-related problems in construction? Constr. Manag. Econ. 2018, 36, 425-442. [CrossRef]

Rausch, C.; Nahangi, M.; Haas, C.; Liang, W. Monte Carlo simulation for tolerance analysis in prefabrication and offsite
construction. Autom. Constr. 2019, 103, 300-314. [CrossRef]

Yoo, M.; Ham, N. Productivity Analysis of Documentation Based on 3D Model in Plant Facility Construction Project. Appl. Sci.
2020, 10, 1126. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1108/14714171211244541
http://doi.org/10.1108/ECAM-09-2013-0083
http://doi.org/10.1016/j.matpr.2020.05.605
http://doi.org/10.1016/j.jclepro.2020.120042
http://doi.org/10.3390/buildings5010196
http://doi.org/10.1016/j.autcon.2017.01.002
http://doi.org/10.1016/j.jclepro.2016.11.035
https://www.hfmmagazine.com/articles/1467-prefabricated-elements-cut-costs-and-time-from-new-hospital-project
http://doi.org/10.1016/j.autcon.2016.08.001
http://doi.org/10.1016/j.autcon.2021.103620
http://doi.org/10.1080/01446193.2017.1394579
http://doi.org/10.1016/j.autcon.2019.03.026
http://doi.org/10.3390/app10031126

	Introduction 
	Objective 
	Literature Review 
	Construction Productivity 
	Productivity in Prefabrication 

	Model Design 
	Design Phase 
	Project Site Preconstruction Phase 
	Panel Fabrication Phase 

	Implementation 
	Case Study Factory 
	Design Phase 
	Panel Fabrication Phase 

	Case Study Project Site 
	Project Site Preconstruction Phase 
	Project Site Installation 


	Model Evaluation 
	Conclusions 
	References

