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Abstract: The escalating challenges in construction demand innovations to effectively
tackle vital issues, such as inefficient processes, excessive costs, and heightened waste
disposed of in landfills. Moreover, it is imperative to align current systems with the
circular economy (CE) model to address resource scarcity and environmental
degradation concerns. In recent years, design for X (DfX) approaches emerged as a
potential solution to the ongoing challenges faced by various sectors. These methods
have gained research and industry prominence due to their ability to optimize multiple
product life cycle phases depending on the project objectives. In construction, notable
design principles include design for manufacturing and assembly (DfMA) and design
for deconstruction (DfD). However, there remains a gap in the body of knowledge about
integrating these approaches. As such, this study proposes a framework that could
assist practitioners in adopting such sustainable design methods. A literature review
was performed to gather relevant principles and guidelines for creating the framework.
Accordingly, the key priorities were identified, such as efficiency enhancement, cost
reduction, and waste minimization. After identifying these parameters, the framework
was developed according to a construction project's typical life cycle stages. The output
of this research aids in the seamless adoption of DfMA and DfD strategies in
construction projects. Future studies should employ the developed flowchart to
validate its applicability further.
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1. INTRODUCTION reshaping conventional practices. These methods

optimize a particular phase of the product lifecycle by
incorporating relevant information and criteria in the
final design. There are various types of DfX strategies.
The application of these design principles depends on
the objectives of a project. Regardless, implementing
any technique ensures a more streamlined workflow
across multiple sectors. Notably, these methods have
brought tangible benefits to the construction industry.

Construction activities play a pivotal role in
driving economic development. It generates vital
infrastructures, such as bridges, buildings, dams, and
roads, which accommodate regular operations. Due to

Advancements in  various  disciplines
constantly emerge to address contemporary
challenges and improve the quality of individual life.
Adopting these innovations directs nations toward
economic prosperity and societal transformation. In
this regard, current research efforts are centered on
developing new or existing products and methods for
achieving desired outcomes, such as efficient
workflows and reduced expenditures. Design for X
(DfX) approaches have gained prominence in
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rapid urbanization and population growth, there is
currently a surge in demand for these facilities.
However, several sustainability issues have become
apparent as the number of erected structures in the
built environment increases. Specifically, most
construction processes result in adverse
environmental impacts primarily associated with
greenhouse gas emissions, energy consumption,
wastes disposed of in landfills, and natural resources
extracted from the Earth’s surface. Building
construction uses 40% of raw materials, produces 40%
of waste, and contributes 25% of carbon emissions
worldwide (Oluleye et al., 2022). Additionally,
numerous  construction  undertakings  exhibit
inefficient processes and excessive costs. Such
problems affect all stakeholders involved. Hence, it is
imperative to tackle these concerns effectively.
Accordingly, research has been dedicated to exploring
design principles to address these issues. Among these
concepts are DEMA and DfD.

DfMA is a design approach that minimizes
complexity, materials, labor, and operations in
product manufacturing and assembly (Wasim et al.,
2020). Its usage ensures system components can
easily be fabricated and subsequently used to build
the output. It originated from the manufacturing
sector but has been widely utilized in construction.
The benefits of implementing DfMA have been
recognized, which include improved productivity,
lowered costs, and reduced waste materials. Thus,
utilizing DfMA strategies effectively addresses
sustainability's  environmental and  economic
dimensions.

In recent years, the circular economy (CE)
concept has garnered heightened attention in
research. It is a system that replaces conventional
demolition procedures at a product’s end-of-life stage
with sustainable practices, such as reducing, reusing,
and recycling (Zisopoulos et al., 2022). This model
significantly differs from the current linear economy
(LE) structure, wherein products are demolished and
sent to landfills. Adopting CE decreases resource
extraction and waste generation. A prominent CE
technique is DfD. Deconstruction refers to
disassembling a product for future reuse or recycling
(Rios et al., 2015). It is also known as “construction in
reverse.” This approach ascertains that quality is
preserved before a product is reintroduced into the
supply chain. In DfD, deconstruction considerations
are incorporated into the preconstruction phases. Like
DfMA, it has been applied to building components and
entire structures.

Employing DEMA and DfD is advantageous in
construction. However, there is a lack of studies
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integrating these concepts. Many articles frequently
reference these methods and categorize them under
the umbrella term "DfX approaches." While these
approaches can be effectively utilized separately, it is
necessary to emphasize that these principles address
distinct phases of a structure’s service life.
Implementing DfMA does not tackle the end-of-life
stage, and employing DfD does not thoroughly
consider project execution. Therefore, the present
study aims to generate a framework that integrates
the principles outlined in DEIMA and DfD studies. The
findings of this research can furnish practitioners
with guidelines for simultaneously or individually
applying DfMA and DfD in a construction project.

2. METHODOLOGY

This study adheres to a systematic approach
to creating the framework. The target objectives and
scope were initially identified. Afterward, related
literature was reviewed to determine relevant
principles and guidelines. This review primarily
extends the scope of a parallel study by Roxas et al.
(2023) by concentrating on the framework
development. Accordingly, the same set of studies
were analyzed in this paper. Co-word analysis, a
science mapping technique, was utilized for salient
topics and their interconnections. VOSViewer was
used for network visualization. This review identified
the principles by evaluating the prevalent themes in
DfMA and DfD research. Additionally, the guidelines
were established by extracting the criteria for
implementing these design approaches from the
collected studies. The framework was generated after
identifying these parameters.

3. RESULTS AND DISCUSSION

Numerous studies investigated the use of
DfMA and DfD in construction. Fig. 1 illustrates the
co-occurrence network of the author and index
keywords in the papers gathered by Roxas et al.
(2023). Co-occurring words appear at least twice in the
articles’ keywords. As can be seen, the map is divided
into five clusters distinguished by their respective
colors: red (Cluster 1), blue (Cluster 2), green (Cluster
3), yellow (Cluster 4), and purple (Cluster 5).

Clusters 1 and 2 contain closely related words,
such as “construction industry,” “design for
manufacture and assembly,” “building information
modeling,” “precast components,” “offsite
construction,” “prefabrication,” “project
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management,” and “productivity.” Building
information modeling (BIM) is the foremost
technology integrated with DfMA. Research on the
combined BIM and DfMA approach comprises the
creation of a BIM component-based library
(Abrishami & Martin-Duran, 2021), the development
of a BIM-based DfMA framework that allows client
participation (Bakhshi et al, 2022), and the
generation of a BIM-enabled framework for building
panelization (Liu et al., 2021). In these studies, BIM
aided in connecting downstream and upstream
activities, managing components, meeting client
requirements, and expediting decision-making
processes. Another widely explored concept is off-site
construction (OSC), in which the construction process
is shifted from the installation site to a controlled
production plant (Jiang et al., 2018). Scholarly works
on OSC include substituting reinforced concrete
components with precast concrete (Hyun et al., 2022),
the design of a prefabricated bamboo structure (Tan et
al., 2020), and the design of prefabricated buildings
(Yuan et al., 2018). These papers revealed reduced
construction time and execution errors by applying
DfMA. Overall, Cluster 1 studies elucidated the
implementation of DfMA to enhance efficiency,
whether by integrating it with OSC, BIM, or other

technologies.

Cluster 3 centers on DfD and related terms
like “recycling,” “waste management,” “reusable
components,” “concrete,” “reinforced concrete,”

“concrete beams and girders,” and “aggregates.”
Recycling and waste management efforts focused on
the advancement of deconstructable concrete
components. The feasibility of utilizing these parts in
practical construction was determined by measuring
their technical performance. Parallel studies explored
beam-column joint designs for easy dismantling. Ding
et al. (2020) concentrated on seismic performance,
while Xiao et al. (2021) examined the effect of using
recycled coarse aggregates. Both papers reported
favorable results. Under seismic conditions, the beam-
column joint exhibited ductile behavior. Additionally,
specimens with recycled coarse aggregates exhibited
durability when subjected to cyclic loading.

Studies investigated other disassemblable
components, revealing varied performance according
to the utilized metrics. In the work of Wang et al.
(2020), a demountable composite beam made of
clamping connectors and precast concrete planks
demonstrated ductile characteristics with negligible
yielding when subjected to full-service loading. In
contrast, the DfD bolts attached to concrete blocks
produced by Cai et al. (2019) exhibited inadequate
behavior when exposed to cyclic compressive loads. As
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such, further explorations of these components should
be conducted in future studies. These papers justify
the need to choose suitable materials to ensure that
the developed parts could effectively support
widespread construction recycling, reuse, and waste
management strategies.

Cluster 4 provides other essential words like
“circular economy,” “sustainable development,”
“sustainability,” “reuse,” and “end-of-life.” Studies
corroborated the impact of these design principles on
environmental sustainability. Studies concerned with
the environmental impact of applying DfMA centered
on waste reduction.

Regarding DfD, studies utilized life cycle
assessment (LCA) to assess the environmental
impact. For instance, Xia et al. (2020) discovered that
structures with DfD exhibited environmental benefits
ranging from 1.8 to 2.8 times those without DfD.
Another research by Eckelman et al. (2018) found that
reusing DfD flooring systems could mitigate adverse
environmental impacts by 60% to 70%. Aside from
using LCA, environmental performance was
evaluated according to ease of recycling and waste
mitigation. Ortlepp et al. (2017) found that removing
chemical bonds in building connections significantly
enhances recyclability. Jayasinghe and Waldmann
(2020) created a material and component bank to
support deconstruction. The use of this product

contributed to the effective construction and
demolition  waste (CDW) management  of
conventionally built structures. These studies

underscored the critical role of waste reduction and
collection of deconstruction data.

Cluster 5 predominantly focuses on timber.
Besides concrete, timber is another material widely
examined in research. Regarding DfMA, an example
of a relevant study is the work of Wasim et al. (2020).
In this paper, DFMA was applied to install a timber
frame wall. Findings revealed a three-fold decrease in
assembly time, significant cost savings, and reduced
wastage. Concerning DfD, timber is associated with
dry construction, enabling a structure's effective and
practical disassembly. Nevertheless, applying these
design methods to timber structures may stem from
the need to broaden the range of available materials
and practices. This observation corroborates the
necessity of meticulously selecting appropriate
materials and developing new materials emphasized
in Cluster 3. For instance, Neve (2019) promoted the
industry's extensive use of modular cross-laminated
timber (CLT). Accordingly, Yazdi et al. (2021) and
Bhandari et al. (2021) investigated the utilization of
CLT in constructing structural walls and modular
structures, respectively. However, research on this



material is still in its infancy and must be extended in
prospective studies. Nonetheless, such efforts to widen
the pool of construction materials support choosing

woadengbuildings
timber o Taatad buildinggnaterials
radical predugk innogations. massgimoer end-of-life
hosés
4. = p design for disassembly
quality agsurance suppiiihains
procesgbatadinnavations digital storage
decisionmaking
design/methodglogy/approach united kingdom
project @hagement semantics
human resourge management
* canvtion
v

off sites

design for maniifécturing and'a %

precast camponests |~ produgidesizn

singapore
Buifding inforragion modelling
@

questionnaire sun@ys

design for r%:

facturability
prefabifieation ;

constructign projects

prodgtivity ’’
mar‘ture
@ o

offsite d@Pstructang
literatug@reviews

manusagurablity
leari coggiruction
prefabricategiconstructi®n SUtOTODEIncysly.

principlesiof design

ass@gpbly

howging
.
conventionaligonstructions

“
nigh ris@bulding

S, vosviewer

'
sustainable development. - waste m@iagement

‘Vconstrqz‘industry

design fwa‘tture and ﬁs & structugldesign

DLSU Research Congress 2024
De La Salle University, Manila, Philippines
June 20 to 22, 2024

appropriate materials that seamlessly integrate with
the design principles.
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Fig. 1. Co-occurrence network of keywords

The review found the following priorities to be
considered in the framework: efficiency optimization,
cost reduction, and waste management for DfMA, as
well as effective material selection, waste reduction,
and deconstruction readiness for DfD. Thus, it was
ensured that the guidelines employed aligned with
these parameters.

The DfMA criteria developed by Boothroyd
(2005) were considered, which include minimization of
the number of parts, ease of handling, ease of insertion
of parts, standardized parts, design for current
process capabilities, and maintaining a margin for
alternative design and assembly processes. These
criteria consolidate additional guidelines offered by
other studies.

DfD guidelines were collected in Roxas et al.
(2023) and categorized in Fig. 2. These methods were
divided into three groups: material selection,
simplification, and deconstruction information
collection. The material selection guidelines specify
the types of materials that must be utilized. These
components should be prefabricated, lightweight,
reusable, environmentally friendly, and non-
hazardous to ensure a quick deconstruction process

and minimize the possibility of damage. Moreover,
composite materials and secondary finishes must be
avoided to reduce difficulties during disassembly.
Finally, materials must be durable, and information
should be recorded to ascertain recirculation in the
supply chain.

The simplification guidelines focus on
mitigating complexities in the system. Emphasis was
placed on reducing and standardizing components,
but contrary to the DfMA criteria, the simplification
of connections was separated. Such connections must
be demountable. Modular construction is also
included. However, modular components are
permissible if the structure cannot be modularized.
Other essential techniques include employing dry
construction, designing for accessibility, using an open
building plan and structural grid, and incorporating
interchangeable components. Dry construction
typically uses components that could easily be
dismantled. Moreover, accessibility to all building
parts and technical installations is necessary for
preserving the materials.

The deconstruction data collection guidelines
are not directly associated with the structure’s design.



However, it is critical to develop a deconstruction plan
to guide the demolition contractor at the end-of-life
phase. These approaches comprise the information
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and other requirements that must be stored and
accomplished to support the deconstruction process.

{ Material selection guidelines ] {

Simplification guidelines ]

Deconstruction data collection guidelines

— Use prefabricated elements ——

Minimize the number of components,
component types, and structural
systeims

Document technical plans, drawings,
and pictures

— Use lightweight components —

Simplify the connections —

Database of materials, components,
and building information

Employ reusable and environmentally
friendly materials

\ J \

— Use modular construction —

Instructions for materials to be reused
and recycled

— Utilize non-hazardous materials —

Standardize the components

Determine the type and method of
deconstruction

— Reduce types of materials —

Design with dry construction —

Analyze structure as a multilayered
entity with distinct lifespans

— Avoid composite materials —

Ensure access to components —

Identify parts of the system to be
deconstructed

— Avoid secondary finishes —

Use an open building plan and a
structural grid

Allow easy accessibility within the
structure

Design materials for longevity and
durability

Incorporate interchangeable
components design

Consider parallel disassembly in the

(Record pertinent material information,‘
—— such as lifespan and performance at
the end-of-life stage

L J

Create a deconstruction and waste
management plan

Fig. 2. DfD guidelines

Fig. 3 shows the generated framework for
applying an integrated DIMA and DfD approach in
construction projects. It is a process flowchart used to
guide practitioners. It was also developed according to
the typical life cycle of a project. In this framework,
the objectives and requirements of a project are first
identified and prepared. Afterward, the conceptual
design and detailed design draft are accomplished.
The established DfMA and DfD guidelines are
incorporated during the design phase.

The flowchart initially asks the user if DfD
will be applied. If yes, the designer will proceed with
the DfD guidelines in Figure 4. This section has two
outputs: the revised design with DfD and the
comprehensive deconstruction plan. Upon
accomplishing the revised design with DfD, the
designer will determine if DfMA strategies will be
employed. If the answer is affirmative, the designer
will apply the DfMA guidelines presented.

Consequently, a revised design with DfMA will be
produced. However, it must be noted that the
flowchart offers an option to individually apply DfMA
or DfD or opt out of using both, depending on the
project objectives. After revising the design, a
thorough review will be conducted. If revisions are
needed, the flowchart directs the designer to the
detailed design draft level, which requires repeating
the design process. However, if modifications are not
necessary, the components can be fabricated, followed
by the structure assembly. After completing the
assembly process, the structure can be handed over to
the client for use and maintenance. This phase is
anticipated to last for a prolonged period. The original
stakeholders may likely change during this time. In
this regard, the comprehensive deconstruction plan
will assist the demolition contractor. Using this plan,
the structure can easily be disassembled, and the
components can be recovered for future use.
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Define objectives
and requirements

l

Accomplish
conceptual and
detailed design

!

Detailed design

draft

Apply

DfD?

Yes

Apply material
selection guidelines

l

Apply simplification
guidelines

|

Apply
deconstruction data
collection guidelines

|

Yes

Minimize number of
components

|

process capabilities

|

Maintain a margin
for alternative
design and
assembly processes

Revised design with

Review of design

e

No
revisions?

Yes

Final design

-

Comprehensive Desi " o
- esign for ease in Fabrication of
deconstruction plan handling components
Design for ease in Assembly of

insertion structure

Standardization of Handover

components
Design for current Use and

Maintenance

|

Deconstruction

End

Fig. 3. Proposed framework
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4. CONCLUSIONS

This study set out a process flowchart for
enabling an integrated DfMA and DfD system in
construction. A literature review was conducted to
determine key priorities in the development of the
framework. Accordingly, DfMA guidelines aimed at
optimizing efficiency, reducing expenditures, and
managing waste, as well as DfD guidelines directed
toward effectively selecting materials, minimizing
waste, and collecting deconstruction information,
were gathered from various studies. The framework
was created incorporating a construction project's
typical life cycle stages. This scheme serves as a
blueprint for assisting practitioners in implementing
DfMA and DfD strategies. It facilitates responsible
innovation by promoting sustainable design
approaches considering the broader environmental
and economic paradigm. Additionally, the techniques
indicated in such concepts could significantly
contribute to the targeted CE model.

Prospective investigations could expand the
scope of this study. The framework’s level of detail
could be improved by soliciting the input of industry
experts using methods such as interviews and
surveys. Furthermore, the current flowchart must be
verified through a case study involving its application
on an actual construction project. Such undertaking
would ascertain its applicability to real-world projects.
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