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Abstract: Studies have shown that the implementation of OSC (off-site construction) is beneficial.
However, most studies have relied on simulated project data to forecast the potential advantages of
OSC, often using surveys or expert consultations as their primary research methods. Others have
based their analyses on a specific sample size, focusing on cost savings and reduced construction time.
Such approaches inherently possess limitations. In this study, we define “OSC level measurement” as
the comprehensive process of quantifying the application of OSC elements throughout the project
lifecycle. Numerous studies have proposed methods for OSC level measurements. However, they
vary in their applicability to different facility types and project phases and employ country-specific
quantification items and methods. These variations complicate the comparison or integration of
OSC measurement methods on an international scale. The comprehensiveness of the representations
in the existing industry foundation classes (IFCs), which is required to carry out automated OSC
level measurement, is not yet investigated. This study aimed to systematically compare and analyze
various methods for measuring OSC levels in construction projects. We intend to provide researchers
and professionals with the necessary characteristics and requirements to develop standardized OSC
level measurement methods in the future. The key takeaways emphasize the need for establishing
the necessary standardization of the list of OSC elements, creating a framework for standardized
quantification items using IFC elements based on BIM data to measure the extent of OSC elements’
application, and unifying the quantification methods for assessing the proportion of OSC elements.
Ultimately, this standardization will pave the way for more informed decision making, innovation,
and the implementation of sustainable solutions in the construction industry.

Keywords: OSC level measurement; OSC element; IFC element; BIM

1. Introduction

In recent years, off-site construction (OSC) has gained prominence as a preferred
construction method in various countries. It is widely recognized as a solution to numerous
challenges that traditional on-site construction faces—low productivity, inadequate logistics
management, safety hazards, environmental pollution, waste generation, and quality
issues [1-5]. Although research on OSC has been on the rise (Jin et al., 2018) [6], with many
studies confirming its practical application [2,7-11], these studies have predominantly
focused on the necessity of implementing OSC and its resulting application effects. In
particular, the application effects suggested by these studies are broadly categorized into
direct and indirect impacts. Direct effects emphasize reductions in on-site work, a decreased
reliance on skilled labor, increased productivity due to enhanced work efficiency resulting
from reduced on-site tasks, cost savings in waste disposal, material damage, and overall
expenses through expedited material procurement, as well as the potential for simplified
construction processes and systematic on-site management. Indirect effects highlight the
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environmental benefits such as reduced water, dust, and noise pollution, as well as energy
savings resulting from decreased material wastage. Moreover, they propose improvements
in worker safety by reducing exposure to adverse weather conditions, heatwaves, and
hazardous working environments. However, these studies face significant limitations in
presenting practical OSC application effects due to challenges in utilizing objective and
reliable measurement indicators and procedures.

Many of these studies rely on simulated project data or use surveys and expert opin-
ions to predict the expected outcomes of OSC implementation. They also frequently
assess the possible impacts, such as cost and emission reductions, based on a small num-
ber of completed projects [3,8-13]. In this study, OSC level measurement refers to the
systematic planning and quantification of OSC elements—be it systems, methods, or
components—from the initial phases of design through to construction. Higher levels of
OSC implementation are presumed to lead to improved operational productivity, reduced
labor input, cost savings, shorter construction durations, better quality, enhanced worker
safety, and technological innovation.

Recent studies have delved into the concept of measuring OSC levels, with various
governments and research bodies contributing to the discourse [5,8,11,14-24]. However,
these methodologies differ in their applicability to various facility types and project phases
and often employ country-specific evaluation criteria and quantification methods. This
inconsistency has made it difficult to compare or integrate OSC measurement methods
on an international scale. Unfortunately, comprehensive research that could guide the
development of standardized OSC level measurement frameworks is still lacking. In addi-
tion, the automated process based on industry foundation classes (IFCs), which is a global
standard of building information modeling (BIM), is required to enable the OSC level mea-
surements in a timely and internationally consistent manner. However, the representations
included in the existing IFCs are not yet investigated, hindering our understanding of their
comprehensiveness for international comparison.

The aim of this study was to fill this research gap by systematically comparing and
analyzing various methods for OSC measurement. Additionally, this study explored the
comprehensiveness of the existing IFCs for timely OCS level measurement potential. Based
on them, we intend to provide the essential characteristics and requirements necessary for
developing standardized approaches to OSC level measurement in construction projects.

2. Research Methodology

In this study, we performed an in-depth comparative analysis of various methods for
measuring OSC levels. Our criteria for comparison were identified through interviews
with 12 experts, each boasting over 15 years of experience in construction and involvement
in at least three OSC projects. We described each method in the context of its background
and objectives for measurement. This study also systematically examined the application
of these methods across different types of facilities and various project phases, including
conceptual planning, basic design, detailed design, and construction planning. Evaluation
components were categorized based on criteria such as work breakdown structure (WBS),
element breakdown structure (EBS), and other pertinent factors. To delve into the quantifi-
cation of OSC levels, we scrutinized the use of weighted assessments, the quantification of
individual OSC elements, and the units of measurement. We also looked into the practical
application of indices such as the labor-saving index.

The findings from this comparative analysis were thoroughly vetted through follow-
up interviews with eight of the experts involved in the initial item selection. This iterative
review process was designed to provide researchers and professionals with valuable in-
sights into the essential characteristics and requirements needed for the future development
of standardized methods for measuring OSC levels. In addition, since IFCs are needed for
timely and internationally consistent measurements, the existing IFC has been investigated
to understand what additional representations are required for such measurements (refer
to Figure 1).
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Figure 1. Research procedure and method.

3. Preliminary Review
Research Trends in OSC Level Measurement Methodologies

To date, various studies concerning OSC measurements have been conducted, as de-
tailed in Table 1. These studies fall into two broad categories: national-level and individual-
level research.

Table 1. Methodologies for measuring OSC levels.

Methodologies Metrics Source
Modern method for construction (MMC) Premanufactured value (PMV) [5,24]
Buildability B-score and C-score [23,24]
Building estimating system (BES) BES-score [22]
1BS IBS-score [16]
Prefabrication ratio (P-ratio) Prefabrication ratio (P-ratio) [21]
Off-site work done ratio value Off-site work done ratio [14]
Off-site production components ratio Number of off-site production components [8]
Energy consumption saving by prefabrication Prefabrication’s energy-saving ratio [15]
Analytical framework for optimal level of prefabrication = Measuring the level of prefabrication [11]
Index hybrid (CIH) approach Prefabrication volume ratio [19]
Constructability assessment model Constructability score [20]
Mathematical framework to measure product modularity ~Measuring product modularity [18]
Determining the level of prefabricated modules Ranking of top most critical factors [17]

On the national front, the UK government [5] launched a research project in 2019 to
assess advancements in construction methods, emphasizing the importance of premanu-
factured value (PMV) as a key metric for evaluating the modern method of construction
(MMC). The Singapore government [23] advocates design techniques that minimize on-
site labor, utilizing metrics like the buildable design score (B-score) and constructability
score (C-score) to promote the use of advanced technologies and innovative products
during construction. Similarly, since 2017, the Hong Kong government [22] has employed
a building estimating system (BES) to gauge design simplification, aiming to reduce costs
and boost construction efficiency. The Malaysian government [16] has evaluated indus-
trialization in construction using the industrialized building system (IBS). In 2017, the
Chinese government [21] introduced the prefabrication ratio (P-ratio) to measure the use of
premanufactured components, aiming to streamline on-site work and accelerate housing
projects. This is a crucial strategy for quickly delivering a large volume of housing units.
Individual research efforts have also contributed various metrics and methods. For instance,
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Alinaitwe et al. [14] assessed the off-site work ratio, while Hong et al. [8] introduced a
method for counting off-site prefabricated components.

Zhu et al. [15] examined the energy-saving ratio to evaluate OSC’s environmental
impact, and Weisheng et al. [11,19] proposed frameworks and metrics for measuring
optimal OSC levels. Additionally, they employed the constructability assessment model [20]
to evaluate constructability. Shamsuzzoha et al. [18] developed a mathematical framework
for product modularity assessment, and Seidu et al. [17] identified key factors for ranking
off-site modularization levels.

In this study, we primarily focus on five national-level OSC measurement method-
ologies: Singapore’s Buildability, the UK’s MMC, Hong Kong’s BES, Malaysia’s IBS, and
China’s P-ratio. Our selection is motivated by the systematic management processes that
these five methodologies offer for continuous OSC level measurement.

In this study, five methods have been selected, and their selection is based on several
reasons. Firstly, these methods are widely used in the current construction industry and
are internationally recognized methodologies. This is because these methods are applicable
to various project types and industrial sectors, and they have demonstrated empirical cases
and effective performance. The reason for excluding various other methods is to select the
methods that best fit the purpose and research questions of the study. Considering the
scope and objectives of the research, it was judged that these five methods are the most
suitable, and they have been confirmed to be widely used in major countries or regions.
Additionally, they provide robust data collection and verification capabilities, making them
conducive for a comparative analysis of OSC level measurement approaches.

4. Comparative Analysis of OSC Level Measurement Methodologies

The five methodologies under consideration—Buildability, PMV, BES, IBS, and P-
ratio—each offer unique approaches for quantitatively measuring OSC levels in construc-
tion projects. This study conducts an in-depth comparative analysis of these methods,
focusing on three key dimensions: (1) the historical background and objectives behind their
development, (2) their applicability to various types of facilities and phases of construction,
and (3) the specific items and techniques used for quantification. These areas of inquiry
were formulated through interviews with 12 seasoned experts, each having over 15 years
of experience in the construction industry and involvement in at least 3 OSC projects, as
shown in Table 2.

Table 2. Descriptive information of interviewers.

Measure Item Frequency

Role Owner 1
Designer
Manufacturer
Contractor

Education High diploma/associate degree
Bachelor
Master or above

o=, | 3N W

Experience in construction 5-10 years
10-15 years
15-20 years
25-30 years 4

[0}

Experience in off-site 1-2 years
construction 3-4 years 7
5-9 years 5
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4.1. Background and Measurement Objectives for Their Adoption
4.1.1. Buildability

In Singapore, the Buildability methodology is widely acknowledged as a leading
metric in the realm of OSC measurement. Originating in the 1990s, during a period of
rapid economic growth and increasing dependence on foreign construction labor, the
methodology became even more pertinent in the early 2000s. The societal concern over
foreign labor reliance in the construction sector led to the enactment of the Building Control
Act in 2001, which formally introduced the Buildability framework. Within this context,
Buildability assessments utilize two central metrics: the B-score and the C-score. Each of
these scores is evaluated on a scale that goes up to 120 points.

The B-score measures the extent to which prefabricated components are incorporated
during the design phase to reduce on-site labor requirements. Conversely, the C-score
evaluates the effectiveness of construction techniques and methods in minimizing on-site
labor during the construction phase. At present, Singapore employs the B-score and C-
score indices to gauge the extent of OSC implementation in individual projects, while also
maintaining a continuous measurement of industry-wide OSC adoption levels.

4.1.2. PMV

The modern method of construction (MMC) in the United Kingdom was initially
popularized through the “Farmer Review” in 2016. This landmark report advocated the
adoption of the MMC as a solution to the growing challenges of labor shortages and
declining productivity in the construction sector, particularly in the post-Brexit landscape.
The UK government subsequently endorsed the MMC'’s potential, devised a technological
implementation roadmap, and launched the MMC Framework in 2019. In 2020, “The
Construction Playbook” was published to provide policy guidelines for the MMC, and
a series of validation initiatives were rolled out in 2021, focusing primarily on housing
supply projects. Within the MMC Framework, the PMV metric is employed to measure
OSC levels. The PMV quantifies the proportion of the total construction cost attributed
to premanufactured components, expressed as a percentage. An uptick in the PMV value
indicates potential gains in on-site construction productivity due to less reliance on labor.
The UK government is currently examining the broader economic implications of the PMV
through pilot site implementations within its domestic construction industry.

4.1.3. BES

By 2017, Hong Kong’s construction costs had soared, ranking as the highest in Asia and
second only to New York on a global scale [25]. To address this, the Hong Kong government
introduced the BES. Aimed at standardizing construction designs through OSC technology,
this methodology also seeks to refine the construction process via prefabricated components
and the mechanization of construction techniques. The BES system consists of 5 modules,
incorporating a total of 209 design considerations. This method utilizes the BES-score
as its primary metric, featuring a total of 1000 points, including an additional 200 bonus
points. Specific project tasks in each construction phase are outlined in the BES guidelines,
and the government mandates the submission of BES-score calculations. Additionally, a
specialized tool was developed to monitor the continual adoption of OSC methodologies
in Hong Kong’s construction projects.

4.1.4. 1IBS

The Malaysian government initiated the first phase of its IBS development roadmap
between 2005 and 2010, taking cues from Singapore’s Buildability methodology. Active
formulation of the IBS methodology began in 2015, with the aim of leveraging OSC technol-
ogy to boost productivity and modernize construction techniques in building projects. The
system’s performance is gauged using an IBS-score, scored on a scale from 0 to 100 points.
For public construction projects exceeding MYR 10 million, submitting an IBS-score re-
mains optional, yet a minimum score of 70 is required. For private construction projects
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valued over MYR 50 million, a minimum IBS-score of 50 is mandated. To further elevate
construction standards, the Malaysian government is in the process of revising regulations
to raise the required minimum IBS-score for both public and private construction projects.

4.1.5. P-Ratio

After privatizing housing in 1998 and dissolving the welfare-oriented housing alloca-
tion system, China experienced a surge in rural-to-urban migration. This led to escalating
urban housing prices and acute housing challenges in major cities. In response, the Chinese
government introduced assembly building standards in 2018, aiming to advance prefabri-
cated building technology as part of a broader poverty alleviation strategy through housing
stability. Under its Twelfth Five-Year Plan for the construction industry, the government is
committed to actively nurturing the prefabricated construction sector. This study marks the
first introduction of a prefabrication ratio (P-ratio) methodology. The P-ratio quantifies the
extent of standardized design and the use of premade components, expressed as a percent-
age. To spur ongoing improvements in prefabrication, the Chinese government has graded
P-ratio levels into A, AA, and AAA categories. Incentives such as tax benefits, financial
grants, and increased floor area ratios are offered to stimulate the uptake of prefabricated
building techniques.

4.2. Background and Measurement Objectives for Their Adoption

The comparative analysis of facilities subject to five different OSC measurement
methodologies—namely, Buildability, PMV, BES, IBS, and P-ratio—is summarized in Table 3.
Buildability, the BES, and the IBS have broad applicability, covering almost all facility types,
except power plants and waste treatment plants. The PMYV, on the other hand, is chiefly
used in residential and commercial structures, but it also extends to industrial facilities.
The P-ratio is mainly used for prefabricated residential and commercial buildings.

Table 3. Comparison of type of applicable facilities.

Residential

Commercial Industrial Educational Medical Cultural

Division Facility Building Building Facility Facility Facility ~ ©antFacility
Buildability v v v v v v
PMV v v v
BES v v v v v v
IBS v v v v v v
P-ratio v v

The relevant project phases for these different OSC measurement methods are detailed
in Table 4. The PMV is versatile, applicable from the planning to the construction phases.
Buildability, the BES, and the IBS are more restricted, applying to basic, detailed, and con-
struction phases only. The P-ratio is limited to the detailed design and construction phases.

Table 4. Comparison of applicable project phase.

Division Conceptual Design Basic Design Detailed Design Construction
Buildability v 4 v
PMV v v v v
BES v v v

IBS 4 4 v/nd can be r
P-ratio v v

4.3. Quantification Item and Methods
4.3.1. Buildability

Buildability’s assessment framework incorporates five key elements based on the
work breakdown structure (WBS): structure, architecture, mechanical systems, electronics,
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Pre-Requisites
with no points given

and plumbing. During the design phase, these elements are divided into three broader
categories: structure and architectural systems, MEP systems, and an additional category
for innovation and other special considerations. For the construction phase, categories shift
to structure and AMEP systems, with an extra slot for adherence to good industry practice
(refer to Figure 2).

Main Scoring System

(Maxi Total Buildable Design S 120 points)
[ > [ [ > [ [
|
Point Weightages
by Facility

Quantification Item Sub-Scoring System

ALLOCATED
POINTS

Percentage of Total Floor Area Using a
Particular Structure System

FINAL SCORE

DMA Structural Systems

I 45 Points

» Censtruction (PPVC)

Other Structural Systems

Mass Engineered Timber (MET) / Hybrid system of 42 Points.
MET with structural steel or precast

—.[ Advanced Precast Concrete System (APCS) 39 Points

MEP |
o . Structural steel / Hybrid system of structural
| Systems Sedeiariratie —’{ steel and precast concrete

Innovation
And others

Constructability Score = Structural System +

Structural
Systems

AMEP System

Good Industry
Practices

Industry Standardisation _’i o Wiy

Other Buildable Feature(s)

Not Listed Above beam and slab 35 Points.
—b{ and slab 28 Points.

39 Points |

]
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—’l Prefabricated slab enly 28 Peints

Figure 2. A schematic diagram of the quantification item and method for the B-Score.

The B-score quantification method assigns varying weights depending on the facility
type. For each specific criterion, the assigned score based on OSC technology alternatives
is multiplied by the ratio of prefabricated components used, be it in terms of floor area,
length, or other units. Scores are then summed up, and it is worth noting that higher scores
are directly correlated with labor efficiency, as indicated by the labor-saving index. Contin-
uously measuring buildability is instrumental in monitoring improvements in construction
productivity resulting from labor savings. Conversely, the C-score quantification does
not discriminate based on facility type. It is calculated as the sum of three components:
structural systems (up to 60 points), AMEP (up to 45 points), and good industry practices
(up to 15 points). The method for assessing these scores is in line with that used for the
B-score. However, in evaluating the good industry practices’ component, the focus is not
on the proportion of the area applied but rather on the quantity or presence/absence of
specific implementations (refer to Figure 3).
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Figure 3. A schematic diagram of the quantification item and method C-Score.
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4.3.2. PMV

The PMV’s quantification is rooted in the EBS, allowing for a granular evaluation of
specific processes and areas within a project. This methodology aligns well with the NRM
system employed in the UK, establishing it as a particularly effective approach. It serves as
a vital tool for decision making, aiding in determining the degree of OSC implementation
throughout the entire project lifecycle, from planning to construction. When it comes
to quantification, the PMV methodology does not assign weights based on facility type,
process, or area. Instead, it standardizes the assessment by focusing solely on the proportion
of costs associated with prefabricated components (refer to Figure 4).

Cost Total Cost

Main Scoring System Sub-Scoring System
Pre-Manufactured Pre-Manufactured
‘ Substructure | Cost | Total Cost | .{ Frame ‘ Cost ‘ Total Cost ‘
g == = Pre-M: -I: ctured =
8 re-Manufactul
3 ‘ | Cost | ‘ Total Cost I Upperfioors ‘ Cost Total Cost
3 § t - Pre-M: ; ctured +
< Pre-Manufactured re-Manufactul
o Interal finished Gost | Total Cost | g —4 Roof ‘ ‘ Cost ‘ Total Cost ‘
o S + + 3 + +
Fittings, P = Pre-Manufactured
7 ings, | nufe | Total Cost | 3 —o{ Stairs and ramps ‘ ‘ puta Total Cost
3 -+ + 8 -+ -+
s I Pre-Manufactured
Services Pre-Manufactured | Total Cost I s ‘.< e et ‘ ‘ re-Manutactu ‘ Total Gest ‘
= - E Pro-M: -I; ctured =
PMV s Pre-Manufactured Gross Construction Windows and re-Manufactul
i el B - B B [ e ]
+ +
Internal walls and Pre-Manufactured
~>{ Dartitions ‘ Cost ‘ Total Cost ‘
-+ -+
‘ Pre-Manufactured ‘ ‘

~>< Intemal doors
PMV |  Pre-Manufactured | 4| GressSuperstructure
(UNIT, %) - Value Cost

Figure 4. A schematic diagram of the quantification item and method for PMV.

4.3.3. BES

For the BES, the primary structure is organized into five modules, each targeting
different aspects of business processes. Module 3, in particular, emphasizes measuring
the extent to which OSC elements are applied. In the quantification process, the points
allocated to the top five modules are summed, with modules 1 to 4 contributing a total of
1000 points and module 5 offering an additional 200 bonus points. Within each module,
the quantification method assigns points based on the area or length where OSC-related
components are used, categorized into various technical segments. When a quantitative
assessment of the application ratio proves challenging, expert judgments are sought to
determine the presence or absence of a particular application. These assessments are then
converted into numerical values and incorporated into the total score (refer to Figure 5).

Main Scoring System
(Maximum Total BES Score: 1000 Points)

BES Score

I
e

Management and Site Planning and Detalls of
Co-ordination Building Siting Requirements creahv-ty
(Max. 100 Score) (Max. 250 Score) (Max. 550 Score) (Max. 100 Score) (Max. 200 Bonus Score)
| Quantification Item ]

—+[ Geotechnical

Sub-Scoring System |

pith i

Nullshs, Engineered
Channels and River Training
Works

Figure 5. A schematic diagram of the quantification item and method for BES.
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(Maximum Total P-ratio Score : 100 Points)

4.3.4. IBS

In IBS quantification, the focus is primarily on two design components: structural
systems and wall systems. An additional category, “Innovation and Others”, is considered
during the construction phase. This methodology could be viewed as a streamlined version
of the Buildability assessment framework. Unlike methods that assign weights based on
facility types, the IBS-score calculates each specific quantification item by multiplying
the proportion of applied prefabricated components by either the floor area or length for
each OSC-related technology alternative. This results in an aggregate score. The term “IBS
factor” mirrors the concept of the allocation score used in Buildability’s B-score, quantifying
labor savings for each alternative in numerical terms (refer to Figure 6).

Main Scoring System

IBS Score (Maximum Total IBS Score: 100 points)
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\ \ |
| ] |
\ J ||
\ l |
= | o et sermmmenm =] | \ l |
\ : ! |
\ \ |
| \ |
\ l |

’i Metal framing with permanent | ]

[ Labor Suvia tnden |
Figure 6. A schematic diagram of the quantification item and method for IBS.

4.3.5. P-Ratio

For the P-ratio, quantification involves three primary components: structural and
wall systems, along with supplementary systems like interiors, bathrooms, kitchens, and
pipelines. Unlike other methods, this one does not account for innovative construction
techniques aimed at enhancing on-site productivity. As for the quantification method-
ology, there are no weighting factors which are applied based on the type of facility or
specific evaluation criteria. Rather, the scoring is based on the proportion of prefabricated
components applied, scaled to various OSC technologies, such as volume, area, or length.
Differential scores are given based on how well these components meet the criteria in
various categories, with minimum benchmarks established for structural and wall systems
(refer to Figure 7).
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panels and other components = =

Interior, Equipment, Pipeline ‘

Figure 7. A schematic diagram of the quantification item and method for P-ratio.
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5. Comparative Analysis Summary and Implications

This study aims to delineate the features and prerequisites for crafting a standardized
approach to measure OSC levels. To achieve this, we conducted secondary interviews with
eight experts who contributed to the selection of the items for comparative analysis, with
their information shown in Table 5.

Table 5. Descriptive information of second interviewers.

Measure Item Frequency
Role Owner 1
Designer 2
Manufacturer 2
Contractor 3
Education High diploma/associate degree 1
Bachelor 3
Master or above 4
Experience in construction 5-10 years
10-15 years
15-20 years 6
25-30 years 2
Experience in off-site 1-2 years
construction 3-4 years 3
5-9 years 5

5.1. Standardized OSC Elements

The existing methodologies for measuring OSC—Buildability, PMV, BES, IBS, and
P-ratio—all aim to reduce on-site work by maximizing the use of prefabricated components.
Despite this common objective, these methodologies vary significantly in their definitions
and scopes, specifically in how they measure the reduction in on-site work. To develop
a universally applicable, standardized methodology for OSC measurement, it is crucial
to establish a comprehensive list of predefined systems, methods, and components with
standardized OSC attributes. This list should be applicable across all project phases,
including conceptual planning, design, and construction.

5.2. Standardized Quantification Item

Table 6 reveals considerable variations in the composition of quantification items
among the current OSC measurement methodologies. For instance, Buildability takes
a multi-faceted approach, considering structural, architectural, mechanical, electronic,
and plumbing components. It also includes considerations for innovation, assessing
technologies that could reduce labor requirements by at least 20% compared to conventional
methods. From a construction standpoint, Buildability evaluates the adoption of good
industry practices, focusing on enhanced on-site coordination and optimized planning
and material usage to boost efficiency. Conversely, the PMV employs an EBS, evaluating
various building aspects like the substructure, superstructure, and internal finishes. It also
considers innovative technologies and equipment aimed at labor reduction and productivity
enhancement, guided by the MMC Framework, Categories 6 and 7. The BES, on the other
hand, uses a civil work WBS, incorporating categories such as geotechnical and marine
work for evaluation. However, its treatment of mechanical, electronic, and plumbing
components within the OSC framework remains relatively underdeveloped.

The IBS and the P-ratio predominantly focus on the wall system components within
the WBS, largely because of their substantial influence on OSC techniques such as prefab-
ricated prefinished volumetric construction (PPVC), mass-engineered timber (MET), and
precast concrete. Notably, these techniques, such as dry-wall applications, contribute to
significant cost savings in construction. The IBS further extends its scope to include “other
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simplified construction solutions”, which evaluates the application of repetitive layouts
and innovative construction methods during the construction phase.

Table 6. Comparative analysis of quantification item structure.

Quantification Item Structure Buildability PMV BES IBS P-Ratio
Structure v v v
Work Architecture v v v
Breakdown Structure Mechanical v
(Building work) Electronic v
Plumbing v
Element Substructure v
Breakdown Superstructure 4
Structure Internal finished
(Building work) fittings v
and furnishings and v
equipment
Services
Geotechnical v
Roadworks v
Work Drainage Works v
Breakdown Structure Water Works v
(Civil work) Marine Works v
Elevated structures
Works v v v
Facility structures v v v
Others v v v
Example of Analysis Figures 2 and 3 Figure 4 Figure 5 Figure 6 Figure 7

Initial research is essential for developing a standardized framework that allows for
international comparisons, and which can accommodate future quantification items and
other considerations. For instance, a comparative framework based on the international
framework for the classification of industry foundation classes (IFCs) could be effective.
This approach would enable the measurement and comparison of specific systems, con-
struction methods, and materials in the context of OSC, even before the establishment of
standardized quantification items.

5.3. Standardized Quantification Method

As highlighted in Table 7, there are pronounced differences in the current methods for
quantifying OSC. For example, Buildability incorporates weightings for both facility types
and individual quantification items, whereas the IBS only applies weightings to individual
quantification items. In contrast, the PMYV, the BES, and the P-ratio do not consider any
weightings. Regarding the scoring system for individual items, Buildability, the BES,
and the IBS use alternative scoring tables centered around OSC elements. Specifically,
Buildability and the IBS calculate scores based on labor-saving efficiency, termed the IBS
factor. To measure the proportion of OSC elements employed, Buildability and the IBS
consider factors like floor area or length, while the BES and the P-ratio use metrics like area,
length, or volume. The P-ratio’s scoring system is unique in that it specifies quantification
methods based on preset compliance benchmarks for OSC elements. The PMYV, on the other
hand, relies on the ratio of prefabricated component costs to total costs for its quantification.
While the PMV and the P-ratio express quantification in percentages, Buildability, the BES,
and the IBS use a point-based system.

In summary, for the development of a standardized approach to measure OSC levels, it
is crucial to create a standardized method for quantifying the application of OSC elements.
Such standardization could provide the foundational data necessary for creating a uniform
system to measure OSC levels.
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Table 7. Comparative analysis of quantification methods.
Division Buildability PMV BES IBS P-ratio
Weighting v v
Floor area 4 v
it Area (m?) 4 4 v v
Quantity Length of wall (m) v v v v
orvor Volume (m?) v v
Application (Yes/No) v v v
Weight Scoring v v v 4
Scoring .
System Costing
. . Percent (%) v v
Quantified Unit Point (Score) v v v
Example of Analysis Figures 2 and 3 Figure 4 Figure 5 Figure 6 Figure 7

5.4. Creating a Standardized Framework Using IFC Elements

It is essential to establish a standardized framework for international comparison of future
quantification items and additional consideration factors. For instance, it is feasible to construct
a comparative framework based on the IFC elements. The majority of quantification items
commonly used for OSC level measurement in existing methodologies can be standardized at
the IFC element level, as depicted in Figure 8. However, for elements such as Buildability’s
prefabricated bathroom unit (PBU) or prefabricated and prefinished wall with MEP services,
their representation may require the addition of a new “Object Type” called “IFC OSC
Assembly (tentative name)” to account for attribute values not defined in the existing IFC
element “Object Type”. Ayinla et al. (2020) [26] highlighted that the IFC4 group element lacks
provisions for prefabricated systems like volumetric units (e.g., pods and room units) and
complete building systems. While utilizing existing IFC shared building element properties
is feasible, this study proposes a method to address the evolving nature of OSC elements by
creating a new “OSC Assembly type” within the IFC element “Object Type”. Furthermore,
advanced research into the “OSC elements Library” associated with composite prefabricated
components is necessary and should precede this endeavor.

PMV IFG element Buildability
“Object Type”
DfMA Architectural Wall Systems
e / \ i i i ion (PPVC)
Frame < /  IFC Building Element Proxy \ /
~ |/ Prefabricated Bathroom Unit (PBU)
IFC Chimney /

U ! /]

pper floors [/ Prefabricated and prefinished wall with MEP services
IFC Column
Roof IFC Covering Prefabricated and prefinished wall / off-form precast wall

Stairs and ramps IFC Curtainwall ~  Curtain wall / full height glass

Extemal walls IFC Door /. Drywall

Windows and external , IFC Footing ~ Prefabricated railing

IFC Member Precast concrete wall
Intemal walls and /
partitions

. IFC Pile

P-ratio

Inteal doors
IFC Plate

IFC Railing
Y Vertical members such as columns, supports, hearing walls

BES " IFC Ramp and ductile wallhoards
Facility Structures IFC Ramp Flight \ Beams, slabs, stairs, balconies, air conditioning panels and
\ 7 other components
. / " IFC Roof
Structural grid, columns &

and floor height
d Ll ¥ IFC Shading Device

Wall System

y}) Precast concrete panels

Structural floor heams and
slabs

Structural framing system /
Fagade /Extemal finishes

IFC Slab
‘' IFC Stair

IFC Stair Flight

Y| Prefabricated timber

\IFC wall panels

Modular integrated IFC Window = Dry wall system
construction (MIC) and e /
prefabrication elements ~— IFC 0SC Assembly aﬂk o

Figure 8. Examples of a standardized framework using IFC elements.
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This approach enables the measurement and comparison of the degree of applicability
of specific systems, construction methods, and materials related to OSC before establishing
standardized quantification items and methods (refer to Figure 8).

6. Conclusions

This study scrutinizes the disparate approaches used by five methodologies—Buildability,
PMV, BES, IBS, and P-ratio—to measure OSC levels. Notably, these methodologies diverge
considerably in their quantification items. While Buildability adopts a WBS rooted in building
construction, the BES employs a WBS with a civil engineering focus. Conversely, the IBS and the
P-ratio center their quantification on structural and wall system components within the WBS.
Each method also varies in its treatment of additional factors. Buildability integrates innovation
from both design and construction perspectives. From a construction perspective, it integrates
good industry practice as a key factor, evaluating the implementation of innovative construction
technologies through the lens of on-site adjustments and the effectiveness collaboration efforts.
The PMYV, leveraging the MMC Framework Categories 6 and 7, includes items aimed at
boosting productivity via innovative technologies. The IBS, listed under the category of “other
simplified construction solutions”, assesses the application level of innovative construction
techniques during the construction phase.

The variations extend to the computation of quantification scores and units. Buildabil-
ity and the IBS incorporate weighted scoring, while the PMV and the P-ratio express their
metrics in percentages. To determine the application ratios of OSC elements, Buildability
and the IBS consider metrics such as floor area, wall length, and area, whereas the BES
and the P-ratio focus on area, wall length, and volume. Noteworthy is the integration of a
labor-saving index by Buildability and the IBS in their quantification methodology.

The quantification of the PMYV is rooted in cost analysis, enabling a comprehensive
evaluation of specific processes and project segments. This methodology seamlessly aligns
with the NRM system employed in the UK, establishing itself as a highly effective strategy.
The PMV provides a simple and intuitive calculation process. Moreover, it enables the easy
and intuitive calculation and confirmation of OSC level measurement results for each part
and process. The system offers flexibility for future expansion and updates by various
stakeholders. Additionally, serving as a crucial decision-making tool, the PMV assists in
determining the level of OSC implementation across the project’s lifecycle, from planning
to construction. However, its application during the conceptual design phase is limited
to establishing overarching target PMV values and a preliminary scope, based on insights
from the analysis of similar cases. In other countries where the NRM system is not applied,
its widespread use is restricted.

These divergences present a complex landscape that hinders easy comparison or
integration of OSC measurement methodologies on a global scale. Therefore, this study
proposes a method to address the evolving nature of OSC elements by creating a new “OSC
Assembly type” within the IFC element “Object Type”. Furthermore, advanced research
into the “OSC elements Library” associated with composite prefabricated components is
necessary and should precede this endeavor. This approach enables the measurement and
comparison of the degree of applicability of specific systems, construction methods, and
materials related to OSC before establishing standardized quantification items and methods.
Such concerted efforts are expected to lay the groundwork for more advanced discussions
on the standardization of OSC measurements, potentially tailored to specific facility types
and project phases. Also, the standardized OSC measurement methodologies will not
only streamline comparisons but also contribute significantly to advancing discussions on
sustainable construction practices globally. Ultimately, this standardization will pave the
way for more informed decision making, innovation, and the implementation of sustainable
solutions in the construction industry.



Buildings 2024, 14, 1281 14 of 15

Author Contributions: Conceptualization, C.I. and ]J.Y.; Formal analysis, C.I. and 1.K.; Methodology,
C.I. and J.-LK.; Resources, LK.; Software, C.I. and J.-1.K.; Supervision, LK. and ].Y.; Writing—original
draft, C.I. and J.-L.K.; Writing—review and editing, C.I,, ].-I.K. and J.Y. All authors have read and
agreed to the published version of the manuscript.

Funding: This work is supported by a grant from the Korea Agency for Infrastructure Technology
Advancement (KAIA), funded by the Ministry of Land, Infrastructure and Transport (Grant RS-
2020-KA158109). The present study has been also funded by the Research Grant of Kwangwoon
University in 2023. In addition, this work is supported by the 2024 grant from the Korea Agency for
Infrastructure Technology Advancement (KAIA), funded by the Ministry of Land, Infrastructure and
Transport (Grant RS-2021-KA163269).

Data Availability Statement: The data analysis results presented in the paper are available from the
corresponding author by request.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1. Blismas, N.; Wakefield, R. Drivers, constraints and the future of offsite manufacture in Australia. Constr. Innov. 2009, 9, 72-83.
[CrossRef]

2. Jaillon, L.; Poon, C.S. The evolution of prefabricated residential building systems in Hong Kong: A review of the public and the
private sector. Auto. Constr. 2009, 18, 239-248. [CrossRef]

3. Li,C.Z;Hong,J.; Xue, F; Shen, G.Q.; Xu, X.; Luo, L. SWOT analysis and Internet of Things-enabled platform for prefabrication
housing production in Hong Kong. Habitat Int. 2016, 57, 74-87. [CrossRef]

4. Wang, S; Sinha, R. Life cycle assessment of different prefabricated rates for building construction. . Build. 2021, 11, 552. [CrossRef]

5. Ministry of Housing, Communities & Local Government, UK, Policy Paper, “Modern Methods of Construction Working Group:
Developing a Definition Framework”. 2019. Available online: https://www.gov.uk/government/publications/modern-methods-
of-construction-working-group-developing-a-definition-framework (accessed on 1 August 2023).

6. Jin, R; Gao, S.; Cheshmehzangi, A.; Aboagye-Nimo, E. A holistic review of off-site construction literature published between
2008 and 2018. J. Clean. Prod. 2018, 202, 1202-1219. [CrossRef]

7. Gibb, A.G.F; Isack, F. Re-engineering through pre-assembly: Client expectations and drivers. Build. Res. Inf. 2003, 31, 146-160.
[CrossRef]

8. Hong, ].; Shen, G.Q.; Mao, C.; Li, Z.; Li, K. Life-cycle energy analysis of prefabricated building components: An input-output-
based hybrid model. J. Clean. Prod. 2016, 112, 2198-2207. [CrossRef]

9.  Lu, W,; Yuan, H.P. Investigating waste reduction potential in the upstream. J. Constr. Eng. Manag. 1996, 122, 55-60. [CrossRef]

10. Tam, V.W,; Fung, LW.,; Sing, M.C.; Ogunlana, S.O. Best practice of prefabrication implementation in the Hong Kong public and
private sectors. J. Clean. Prod 2015, 109, 216-231. [CrossRef]

11.  Weisheng, L.; Chen, K.; Xue, F.,; Pan, W. Searching for an optimal level of prefabrication in construction: An analytical framework.
J. Clean. Prod. 2018, 201, 236-245. [CrossRef]

12.  Jaillon, L. The Evolution of the Use of Prefabrication Techniques in Hong Kong Construction Industry. Ph.D. Thesis, Hong Kong
Polytechnic University, Hong Kong, China, 2009. Available online: https:/ /theses.lib.polyu.edu.hk/handle/200/4847 (accessed
on 1 August 2023).

13.  Pan, W,; Sidwell, R. Demystifying the cost barriers to offsite construction in the UK. Constr. Manag. Econ. 2011, 29, 1081-1099.
[CrossRef]

14.  Alinaitwe, H.M.; Mwakali, J.; Hansson, B. Assessing the degree of industrialisation in construction—A case of Uganda. J. Civ.
Eng. Manag. 2006, 12, 221-229.

15.  Zhu, H.; Hong, J.; Shen, G.O.; Mao, C.; Zhang, H.; Li, Z. The exploration of the life-cycle energy saving potential for using
prefabrication in residential buildings in China. Energy Build. 2018, 166, 561-570. [CrossRef]

16. Malaysia Government, B. Standard Industri Pembinaan. 2019. Available online: https://www.construction.org.my /construction-
industry-standard-cis/ (accessed on 1 August 2023).

17.  Seidu, R.; Jin, R.; Young, B.E.; Ebohon, O.]J.; Lu, Y. Determining the level of prefabricated module requirements in offsite
construction. In Proceedings of the 5th European International Conference on Industrial Engineering and Operations Management,
Rome, Italy, 26-28 July 2022. [CrossRef]

18. Shamsuzzoha, A ; Piya, S.; Al-Kindi, M.; Al-Hinai, N. Metrics of product modularity: Lessons learned from case companies. J.
Model. Manag. 2018, 13, 331-350. [CrossRef]

19. Lu, W,; Ghansah, FA_; Xu, J. A category and index hybrid (CIH) approach to measuring the level of prefabrication. Int. J. Constr.
Manag. 2023, 23, 2658-2669. [CrossRef]

20. Zolfagharian, S.; Irizarry, J. Constructability assessment model for commercial building designs in the United States. J. Constr.

Eng. Manag. 2017, 143, 04017031. [CrossRef]



https://doi.org/10.1108/14714170910931552
https://doi.org/10.1016/j.autcon.2008.09.002
https://doi.org/10.1016/j.habitatint.2016.07.002
https://doi.org/10.3390/buildings11110552
https://www.gov.uk/government/publications/modern-methods-of-construction-working-group-developing-a-definition-framework
https://www.gov.uk/government/publications/modern-methods-of-construction-working-group-developing-a-definition-framework
https://doi.org/10.1016/j.jclepro.2018.08.195
https://doi.org/10.1080/09613210302000
https://doi.org/10.1016/j.jclepro.2015.10.030
https://doi.org/10.1016/j.rser.2013.08.048
https://doi.org/10.1016/j.jclepro.2014.09.045
https://doi.org/10.1016/j.jclepro.2018.07.319
https://theses.lib.polyu.edu.hk/handle/200/4847
https://doi.org/10.1080/01446193.2011.637938
https://doi.org/10.1016/j.enbuild.2017.12.045
https://www.construction.org.my/construction-industry-standard-cis/
https://www.construction.org.my/construction-industry-standard-cis/
https://doi.org/10.46254/EU05.20220027
https://doi.org/10.1108/JM2-12-2016-0127
https://doi.org/10.1080/15623599.2022.2084599
https://doi.org/10.1061/(ASCE)CO.1943-7862.0001323
Dongyoung
직사각형



Buildings 2024, 14, 1281 15 of 15

21.

22.

23.

24.

25.

26.

GB/T 51129-2017; Standard for Assessment of Prefabricated Building. China Architecture Press: Beijing, China, 2017. Available
online: https://www.antpedia.com/standard/en/1063886134.html (accessed on 1 August 2023).

Development Bureau. Buildability Evaluation System for Public Engineering Works Projects-BES(E); Development Bureau: Hong Kong,
China, 2024. Available online: https://www.devb.gov.hk/en/publications_and_press_releases/publications/BESE/index.html
(accessed on 1 August 2023).

Building and Construction Authority (BCA), Singapore, Policy Paper (2023), “Code Practice on Buildability, 2022”. Avail-
able online: https:/ /www1.bca.gov.sg/docs/default-source/docs-corp-news-and-publications /publications/codes-acts-and-
regulations/cop-on-buildability-20228a3d7da9dc9c4def832838fd91fcbd5a.pdf?sfvrsn=6eal301c_0 (accessed on 1 August 2023).
Yu, J.; Son, B. A Study on Benchmarking the Countermeasures Strategy for Tackling the Construction Labor Shortage Focusing
UK’s MMC & Singapore’s Buildability. Korean J. Constr. Eng. Manag. 2022, 23, 54—64. [CrossRef]

The Hong Kong Institute of Architects. BES Construction Paper 2017; Hyder Consulting: Hong Kong, China, 2017; Volume 56.
Available online: http:/ /www.hkia.net/UserFiles/File/2018_Events/20180529_Arcadis_Consultation_Paper.pdf (accessed on 1
August 2023).

Ayinla, K.O.; Cheung, F.; Tawil, A.R. Demystifying the concept of offsite manufacturing method: Towards a robust definition and
classification system. Constr. Innov. 2020, 20, 223-246. [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.


https://www.antpedia.com/standard/en/1063886134.html
https://www.devb.gov.hk/en/publications_and_press_releases/publications/BESE/index.html
https://www1.bca.gov.sg/docs/default-source/docs-corp-news-and-publications/publications/codes-acts-and-regulations/cop-on-buildability-20228a3d7da9dc9c4def832838fd91fcbd5a.pdf?sfvrsn=6ea1301c_0
https://www1.bca.gov.sg/docs/default-source/docs-corp-news-and-publications/publications/codes-acts-and-regulations/cop-on-buildability-20228a3d7da9dc9c4def832838fd91fcbd5a.pdf?sfvrsn=6ea1301c_0
https://doi.org/10.6106/KJCEM.2022.23.6.054
http://www.hkia.net/UserFiles/File/2018_Events/20180529_Arcadis_Consultation_Paper.pdf
https://doi.org/10.1016/j.ceramint.2019.09.209

	Introduction 
	Research Methodology 
	Preliminary Review 
	Comparative Analysis of OSC Level Measurement Methodologies 
	Background and Measurement Objectives for Their Adoption 
	Buildability 
	PMV 
	BES 
	IBS 
	P-Ratio 

	Background and Measurement Objectives for Their Adoption 
	Quantification Item and Methods 
	Buildability 
	PMV 
	BES 
	IBS 
	P-Ratio 


	Comparative Analysis Summary and Implications 
	Standardized OSC Elements 
	Standardized Quantification Item 
	Standardized Quantification Method 
	Creating a Standardized Framework Using IFC Elements 

	Conclusions 
	References

