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Abstract: In modular construction projects, unit production and onsite work are conducted
concurrently, enabling shorter duration, lower cost, and improved quality. Because of the nature of
the work, building design details should be determined early in the design phase, which requires
information from participants. However, the design process for stick-built construction does
not include such information, which leads to errors in design, such as omissions and conflicts
of information from participants, causing reworking in the design phase. To reduce errors, an
information flow should be identified representing when/what/how the information should be shared,
and with whom. This paper proposes an integrated design process based on the information flow. To
identify the flow, a precedence relationship between activities is represented using a dependency
structure matrix (DSM). Then, the order of activities is rearranged using a partitioning algorithm.
In this manner, unnecessary feedback and reverse information flow, which are related to errors, are
reduced. Finally, the rearranged activities are proposed as an integrated design process. To validate
the impact of the proposed process and methodology, interviews with experts were conducted. The
validation results suggest that the project delivery method should also be considered in the early
project phase in practical application.

Keywords: modular construction; rework; integrated design process; dependency structure matrix
(DSM); process optimization

1. Introduction

1.1. Background

The global construction industry suffers from various issues, such as labor shortage, low
productivity, and environmental pollution [1,2]. Modular construction has gained attention as
an effective approach for overcoming these problems because of its inherent benefits, such as improved
productivity, shorter project duration, higher quality, and better occupational safety, owing to the
controlled work environment of a factory [3—6]. Moreover, modular construction reduces waste by at
least 70% in comparison with the industry average [7,8]. Thus, it is a more sustainable construction
method [9-11].

In modular construction, a significant proportion of work in a project is conducted in a factory;
the produced units are transported and then assembled onsite [5,11]. Because production and onsite
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work are conducted concurrently, project duration is reduced significantly [12]. Owing to the nature of
the work, design details, such as unit installation and the connection method, should be determined
early in the design phase to reduce errors such as omissions and conflicts and to start unit production
and onsite work simultaneously based on the agreed design [13]. The decision-making process for
finalizing the details requires integration of project participants in the early design phase; hence, the
complexity of information flows between the participants increase in comparison with the conventional
stick-built construction [13,14]. This complexity due to multilateral information exchange is a source
for errors resulting from omissions and conflicts in the design, which in serious cases may even lead
to redoing of the whole design process for rectification [13,15]. The feedback in the phase comprises
communication between participants to include the information into the design. However, when the
necessary participants for providing the information are not identified in the information flow before
the phase, omissions or conflicts may occur when the work planning is established after the design
phase, which may necessitate redoing of the whole design process for rectification [7,12,15-21]. For
example, if the Road Traffic Act regulations of an area are not considered in a related design step, the
size of units may need to be reworked for transportation, which can cause schedule and cost overruns.

In modular construction, the complexity involved makes identification of the information flows
difficult [14]. To facilitate the integration of participants and identification of the information flows
in the design phase of a modular project, an integrated design process is required to ensure that
the project is managed considering the entire project process, including design, unit production,
transportation, erection, and performance [22,23]. However, designs are still established based on
conventional stick-built construction methods, which are unsuitable for modular construction, and lack
of expertise and knowledge in the marketplace make it difficult to recognize the need for the integrated
design process [18,22,24]. This causes uncertainty in the design process, leading to unnecessary and
inappropriate feedback, which may affect project performance [12,18,19,25]. Consequently, the lower
performance caused by reworking results in a negative stigma and barrier in the usage of modular
construction [18].

1.2. Research Methodology

To address this problem, this paper proposes an integrated design process for modular construction
projects based on identified information flows between activities in the design and work planning
phases. The scope of the design process in this paper includes activities related to architectural,
mechanical, structural, and electrical design of buildings and site analysis in the early design phase.
It also includes selected activities from the related work planning phase that should be integrated
into the design phase to reduce rework. This is because the inability to make changes onsite is the
biggest barrier to using modular construction methods as it is costlier to rework than conventional
construction methods [2,6,12,22,26,27]. To select the activities, major issues causing rework in modular
construction are identified by analyzing daily reports of modular projects and reviewing existing
literature. Then, strategies for mitigating reworking are identified by reviewing descriptions of the
report and literatures. These strategies consist of activities that prevent the causes of errors, such
as omissions or conflicts in design, which should be included to reduce rework in the field such as
production and on-site if not considered at the design stage.

In suggesting an integrated design process, information flows and the relationship between
activities are first identified based on the precedence relationship. Then, as a methodology to facilitate
information flows, a dependency structure matrix (DSM) is derived. DSM has been used to represent
complex processes in systems and also used to alleviate the complexity by representing the information
flow using a matrix [28]. Based on the DSM, the sequence of activities is rearranged using the
partitioning algorithm. Through this rearrangement, information flows are optimized to reduce
feedback (or reverse information flows) between activities; the rearranged activity sequence can be
used as the integrated planning process because the process provides information to project participants:
(1) when the mitigation activities should be conducted, and (2) what information should be shared
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with whom in the design phase. Finally, the rearranged activities are briefly described. It is expected
that adoption of the process outlined in this study will help reduce engineering rework (rework to
rectify the design), as well as field rework (rework to rebuild or reassemble building components).

2. Preliminary Study

2.1. Rework in Modular Construction Projects

Rework is simply defined as the unnecessary effort of redoing a process or activity that was
incorrectly implemented [17]. Rework significantly affects the cost, schedule, and quality of construction
projects. The direct costs alone are estimated to be 2-12% of the total construction cost; hence, rework
should be managed effectively [15,17,29-31]. The causal relationship and effects of rework are usually
analyzed to reduce rework in construction [15,16,20,21,31-33]. Typically, a significant proportion
of rework is caused by errors made during the design process [15,17]. These errors usually appear
downstream, and therefore have a negative impact on a project’s performance [15,17,20,21]. The
various causes of errors in the design phase include omissions from the project brief; ineffective or lack
of coordination; inaccurate, incomplete, or conflicting documents; or an unrealistic design schedule [15].
To reduce errors in the design phase, it is necessary to integrate, and effectively coordinate among, the
participants in the early design phase [16,17,29].

In modular construction, it is necessary for the project participants to be integrated in the early
design phase, not only to reduce rework, but also to determine design details, such as unit installation
and connection method [13]. Therefore, information from the participants, such as unit production and
onsite work manager, should be included and applied to the related design steps [18]. However, using
conventional stick-built construction design processes for integrating the participants may also lead to
rework in itself, although there may be no errors in the design [18,24]. This is because the stick-built
design processes do not suggest when/what/how the information from the other participants is applied.
Hence, issues with identification of information flow lead to unnecessary reverse information flows
and feedback, increasing the chances of omissions and conflicts between the completed design and
requirements from participants. For example, if a modular building structure is designed using the
stick-built construction process, and the deformation of units during lifting is not considered in the
design, damage to internal or external finishes caused by deformation may occur because the self-load
increases during lifting. The damaged finish would need to be reworked onsite [24].

In summary, (1) rework can occur without error in the design document that was established
using the stick-built construction design process; (2) information regarding both unit production
and onsite work should be applied to the related design step. Moreover, there are various details
such as installation and connection method for unit assembly that should be determined, for which
multilateral information exchange is required, which in turn increases the complexity of information
flows in the design processes, as depicted in Figure 1 [2,22]. Figure 1 shows the extra intermediate
process such as unit production, transportation compared to stick-built construction and feedbacks
between participants in early phase. This means increased project constraints and considerations
related to the extra process, which requires multilateral interactive communication [14]. The increased
communication results in increased complexity [34,35].
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Figure 1. Increased complexity caused by interposed processes.

Figure 2 depicts the rework in structural components caused by omissions and conflict in
design [15,16]. The errors causing the rework were not detected before conducting the works, and
this proves that the information related to unit production and lifting were not applied to the design.
Owing to the nature of modular construction work, any changes made onsite are not only difficult
but also prohibitive in terms of cost [12,13,36]. In other words, if the design phase is not coordinated
properly, modular construction can cost much more than stick-built construction [2,6,12,22,26,27].

(a) Unit deformation

(b) Inappropriate

fire-proof paintjob

Connection for structural components and units

Figure 2. Examples of errors caused by omission in design.

In addition to the absence of an integrated process, there is currently limited expertise in modular
construction in the marketplace; hence, the approach to design is still largely based on traditional
methods [18,37,38]. This may lead to difficulty in identifying errors and omissions in the design,
especially with complex information flows [15,17]. Figure 3 depicts the impact of undetected omissions
in each design step. To alleviate the issue of lack of expertise, an integrated design process is required.



Sustainability 2020, 12, 530 50f 19

Unit Production

Transportation
On-site work :
/ |
A 5
Omissions f----*

______________________________________ Reworks in design/

production/onsite work phase
— Information flow ----» Rework in design process ——>> Undetected omissions

Figure 3. Impact of undetected omissions in each design step.

To support the design phase of modular constructions, several studies have been conducted
previously [36—40]. Nahangi et al., proposed an automated approach for monitoring the defection
and damage of modular units using laser scanned data [36]. Han et al., developed an optimization
model for tower crane operation that can be used in the planning phase [39]. Lei et al., suggested an
automated method for checking crane path, and the method could be used to prevent interference
during tower crane operation in the planning phase [40]. Olearczyk et al. proposed a methodology
for selecting tower crane capacity and location that can be used in the early planning phase [41].
To facilitate the decision making process in the design phase, Sharafi et al., developed a unified
matrix approach for the automated design of multi-story modular buildings to effectively compare
the building design alternatives in the early design phase considering architectural, structural, and
constructional aspects. By using the approach, design alternatives can be suggested considering
multidimensional relationship between units and spatial design that are able to achieve minimum
cost, maximum regularity, efficient building energy consumption [37]. Then, Sharafi et al., suggested a
list of critical decision making criteria that can be used for feasibility studies to select construction
methods, such as the modular construction and stick-built construction methods, and developed a
decision support system to facilitate the decision making process. By using the process, an appropriate
construction system and the level of modularity can be determined [38]. These studies proved the
importance of decision making in the early design phase and provided considerations that should be
included for efficient modular building design. Smith identified the major issues; suggested guidelines
for design, unit production, transportation, and onsite work planning; and analyzed the effect of design
and planning change in the early stages [12]. However, these studies did not analyze the information
relationship between activities in the design phase or an integrated design process. In summary, the
project participants should be integrated to reduce errors in the design phase. However, the errors
cannot be reduced only by participation and without the integrated design process. To reduce the
errors, this paper proposes an integrated design process to identify and facilitate the information flow
between participants.

2.2. Information Flow in the Design Process

To use the proposed process in the design phase, it should be established beforehand, and
information from participants should be applied to the process. Therefore, what information is
required at each design step and which activity generates the information needs to be identified. The
information may include considerations for unit production, transportation, onsite work, or the whole
project, which should be applied to the design. In addition to this, activities in each design step require
information in advance, and information from each participant requires preceding activities. Activities
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that generate information have different precedence relationships, and feedback occurs between
participants. This multilateral information exchange increases the complexity of the information flows,
which acts as a source of errors—as identified earlier, omissions and conflicts. It has usually been
difficult to handle this complexity because of unawareness and limited expertise in information flow
management [18,22,24]. To alleviate the issue, information flows should be first identified, and then
feedback in the flow should be managed to facilitate the design process.

To identify the information flow in a process, network analysis and bar chart techniques for
planning construction work have been used extensively, but they are not capable of dealing with
iterations in the planning process, such as feedback processes between activities [42]. To represent and
solve the problem caused by information flow in a process, IDEFQ is used. In the IDEF0 model, an
activity can be divided into sub-activities. Moreover, the flow representing input or output data of
activities can be identified in the model, which is useful in modeling the system processes based on the
information relationship between activities [43]. However, IDEFO also does not have the capability
to manage the feedback process and iterations in the system because the involved activity amount is
too large, and the graph in the model will become unclear [43—45]. DSM has been used in modular
building design [37,46]. Sharafi, Samali et al., used DSM for representing the connection type between
modules and 3-dimensional cost optimized building design can be suggested using the unified matrix
method in the paper. In the DSM, various interaction types are used for representing connection
types between components [37]. DSM has also been used to improve the workflow of the modular
unit production process based on the precedence relationship between activities on the production
line [46]. It has been used to identify information flows and iterations within a process and to schedule
activities with the objective of optimizing the task order. After the identification of information flow,
DSM rearranges the order of activities to reduce unnecessary feedbacks and reverse information flows,
thereby reducing engineering rework in the planning phase [42,47]. Therefore, DSM can be used to
identify and facilitate information flows in the integrated design process for modular construction and
to alleviate the complexity of the flow. In DSM, the relationship among activities can be characterized
by three fundamental building blocks: parallel (independent), sequential (dependent), and coupled
(interdependent), as shown in Figure 4. After the relationship is identified based on the relationship
type, process optimization is conducted to reduce feedbacks and iterations in the process. There are
various algorithms for process optimization, such as partitioning, tearing, clustering; an algorithm is
selected based on the optimization objective. In this paper, a partitioning algorithm, which can help
reduce feedback processes based on the information flow by reallocating the activity order, is used [42].
The partitioning algorithm manipulates the rows and columns in DSM to minimize feedbacks in the
rearranged DSM. In the partitioning process, the activity that can be conducted without input from
other activities is identified and placed at the top of the matrix; this process is iteratively conducted
until no such activity remains. After the previous step, the activity delivering no information to other
activity is identified and placed at the bottom of matrix and this process also repeated. Completion of
these process means the DSM is partitioned [28]. Then, to manage the remaining feedback or reverse
information flow, a clustering algorithm is used. The objective of clustering is to find subsets of DSM
elements that are called clusters. The clusters should contain most of the interaction between activities
internally and the clusters are generated based on the rule that the link or interaction between the
clusters should be eliminated or minimized [28]. Using the clustering algorithm, the number of clusters
can be minimized and it means a reduced number of feedback loops in the process. In modular projects,
the reduced number of clusters means the project participants groups for sharing information can also
be reduced and thus, improvement in the efficiency of information flow management.
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Figure 4. Information relationships in a DSM.

3. Information Flow Identification

3.1. Activities in Design Phase

To conceptualize an integrated design process, the information flow of the design process was
first identified. This identification was based on the precedence relationship of each activity in the
design phase. The precedence relationship includes activities that generate information, which is in
turn required to conduct activities in the design steps. Based on the identified information flow, a DSM
was established. It was then optimized using a partitioning algorithm to suggest an integrated design
process [46,47]. The process consists of activities involved in the design process of the conventional
stick-built construction. The scope of the process includes schematic design (SD), design development
(DD), and construction documentation (CD). The American Institute of Architecture (AIA) has defined
the typical building design process [48]. The activities in each design step were adopted from the
process of the AIA and limited to those activities related to the determination of architectural, structural,
electrical, and mechanical design. In this paper, the adopted activities were subdivided to represent the
interaction between architecture and architectural engineers, such as mechanical-structural engineer.
For example, article 3.2.5 in the AIA standard form agreement describes SD documents as follows:
“Preliminary selections of major building systems and construction materials shall be noted on the
drawings or described in writing”. This article describes building systems and materials that should
be provided in the SD documentation. However, the same comprehensive description cannot be used
for the proposed integrated design process because the activities in the description, such as selecting
building system and material, require different information to determine the specifications. Therefore,
the description is subdivided, and the subdivided activities related to, inter alia, the building system
and materials are listed in Table 1 from ID 5 to 8 [12,13,24,39].

All of the subdivided activities in each design step are listed in Table 1. The subdivided activities
are conducted similar to activities in the design process for a conventional stick-built construction. In
the SD phase, site layout planning is developed based on the site analysis results in the pre-design
phase. Then, materials and a structural system are applied to each building design alternative. The
alternatives are prepared to be selected for the DD phase, where the building design is selected among
design alternatives and, finally, the selected design is developed. In this phase, materials that will
be applied to the design are selected. Each project participant reviews the electrical, mechanical,
and structural systems through a feedback process between participants. In the CD phase, details
of the building components; mechanical, electrical, and plumbing (MEP); and structural system are
documented. The document should be crosschecked by various participants because undetected errors
in this phase directly lead to rework in the unit production and onsite work.
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Table 1. Activities in the design phase.

Design Phase ID Activities

1 Site analysis
2 Site layout planning
3 Establish design direction in terms of plan, section, and elevation

sD 4 Building core planning
5 Explore interior and exterior material
6 Review the strengths of materials, structural design criteria, and design load
7 Review alternatives of structural system design, such as size of components

(rough estimation of unit weight)

8 MEP planning and MEP space requirement review
9 Develop and modify the schematic design
10 Determine interior and exterior materials
11 Determine structural system design

DD 12 Structural design analysis and structural calculation documentation
13 Draft the locations and sizes of structural components
14 Bar arrangement drawing documentation
15 Determine MEP system
16 Review MEP and structural component interference
17 Prepare construction document of the design
18 Structural and MEP system adjustment and documentation

CD 19 Architectural detail, specifications, structural calculation documentation

and incorporate subcontractor’s documentation

20 Principal structural parts finishing propriety review
21 Check errors and omissions in documentation and constructability review

3.2. Causes of Rework in Modular Constructions

As mentioned earlier, rework can be classified into two categories: engineering rework and field
rework [29,49,50]. The proposed integrated design process intends to reduce engineering rework,
which is rework made to rectify errors or omissions in the design phase. In this paper, it is assumed
that engineering rework in modular projects occurs when information from participants is omitted in
the design phase. To identify such information, many works were reviewed, focusing on modular
construction planning [12,13,24,36,39-41,51-56]. However, rework is also performed to rectify defects
after the design phase, such as the unit production, transportation, or onsite work phases. Rework
conducted in these phases is called field rework in this paper. Field rework also affects project
performance. A significant portion of the causes of field rework are from errors and omissions that are
not detected in the design phase [15,17]. An efficient measure to reduce field rework is to develop
improved design procedures by incorporating work planning to check causes [49]. In order to include
activities that should be integrated into the design process to reduce rework, causes of rework that are
not included in the existing literature are identified by analyzing daily reports of modular projects,
which document details of work activities and issues. These cases and their causes of rework are
collected from daily reports and other sources in the literature, as presented in Table 2. Then, activities
to mitigate rework are established. The mitigation plans related to the causes are derived from the
literature [12,13,24,36,39-41,51-56]. The mitigation plans are described in Table 3. Each mitigation
plan is an activity in the work plan for off/on-site work that should be integrated into the design
process. Activities in the mitigation plan consist of activities for reviewing or checking the causes,
and errors in design can be reduced by conducting the activities in the design phase. For example,
in Figure 2, rework was caused because a fireproof paint was applied to a unit assembly connection.
Fireproof paint should not be applied to such connections as the structural performance of the painted
connection may decrease. Therefore, the paint had to be removed from the connection and the units
had to be reassembled. This implies that the interference between fireproof painting and connection
was not marked in the shop drawing for unit manufacturing. To prevent rework, an activity whereby
errors and omissions in the design are checked is included, to be conducted while preparing shop
drawings in the manufacturing planning phase.



Sustainability 2020, 12, 530

90f19

Table 2. Cases and causes of rework in modular construction projects.

Phase Cause Related Research
Interference between MEP and structural components [19,24,54]
Fireproof paint application to connection [24], daily report
Manufacturing Rework caused by error of activity order on manufacturing line [19,24], daily report
Excess manufacturing tolerance [36]
Quality deterioration in manufacturing process [24,36]
Damage and deformation in transportation [19,24,55]
Transportation Revision of design caused by omission of reviewing Road Traffic
: X [12,13,24]
Act in the design process
Interference betV\{een MEP and structural components, such as [19,24,54], daily report
concrete foundations
Damage to unit caused by onsite work interference [24,39-41,51,52]
Onsite work Shortage of passage space for workers in PIT [24], daily 'report
Occurrence of component tolerance errors [24,56], daily report
Occurrence of tolerance error in MEP [24,54], daily report
Unit deformation caused by unit lifting [12,24]
Damage caused by weather conditions on un-proofed components  [24], daily report

Table 3. Mitigation plan for reducing rework.

Phase ID Activities in Rework Mitigation Plan

2 (Production plan) Determine and review the work activities for unit production in

the factory (determine factory work)
Manuf . 23 (Production plan) Prepare shop drawings and check interference of unit production
anufacturing . . - . .

24 (Production plan) Prepare unit production line design

25 (Quality management plan) Prepare manufacturing tolerance management plan

26 (Quality management plan) Prepare quality management plan

o7 (Transportation plan) Prepare management plan for reducing deformation and

Transportation damage . . . . .

28 (Transportation plan) Review the Road Traffic Act regulations (check the weight and
size of unit)

29 (Onsite work plan) Determine onsite work activities

30 (Onsite work plan) Select tower crane location

31 (Onsite work plan) Select tower crane specification

32 (Onsite work plan) Prepare shop drawings and check for interference

Onsite Work 33 (Onsite work plan) Review constructability for onsite work

34 (Quality management plan) Prepare onsite work tolerance management plan

35 (Quality management plan) Prepare deformation management plan in unit lifting
process

36 (Quality management plan) Prepare unit proofing plan to reduce damage from

weather conditions

3.3. Identification of Information Flow for DSM

To develop the proposed integrated design process, including the rework mitigation plan, the
information flows between activities should be identified. Through this identification, the activities in
the process are rearranged to facilitate information flows using the partitioning algorithm. Through
the rearrangement, activities in the mitigation plan are allocated in the design process, and the type
and time of information from project participants to be shared are provided. Therefore, the integrated
process shows the procedure of the design process including the activities in the mitigation plan.
In Table 4, the information flow between activities in the designing and planning phases has been
identified [12,13,24,36,39-41,51-56]. Each activity in Table 4 has predecessors. The predecessor column
lists the IDs of the activities that must be conducted before each activity. In other words, the activity
can only start with the information obtained by completing the predecessor activities. For example, site
layout planning should be preceded by activities, such as site analysis, reviewing the Road Traffic Act
regulations, and tower crane location selection. However, when selecting the tower crane location, the
site layout planning is considered to be a predecessor, which implies that there is a feedback process
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between the site layout planning and tower crane location selection. Therefore, when conducting
activities, activity information, such as building and crane location, should be exchanged and shared.
Moreover, the Road Traffic Act regulation review follows the activity of site layout planning while
also providing the site layout planning activity with information. The reverse information flow here
indicates that there is a possibility of engineering rework in the design phase. Feedback and reverse
information flows can be reduced by rearranging the activity order during the optimization of the
design process. The order is rearranged based on information flows.

Table 4. Activity relationship based on information flows.

Phase ID Activities Predecessor
1 Site analysis —
2 Site layout planning 1,28, 30
3 Establish design direction in terms of plan, section, and elevation 2, 4, 28
i 4 Building core planning 3
Scher'natlc 5 Explore interior and exterior material 3
design 6 Reviewing the strength of material, structural design criteria, and 13
design load !
7 Reviewing alternatives of structural system designs, such as sizes 36,28
of component (rough estimation of unit weight) T
MEP planning and MEP space requirement review 1,3,4
9 Develop and modify the schematic design 3,10, 11, 13,15, 16
10 Determine interior and exterior materials 9
11 Determine structural system design 6,7,9,12
Design 12 Structural d.esign analysis and structural calculation 11, 35
development documentatlor} .
13 Draft the locations and sizes of structural components 9,11,12
14 Bar arrangement drawing documentation 13
15 Determine MEP system 1,8,9
16 Reviewing MEP and structural component interference 9,13,15
17 Prepare construction document of the design 9,18,20,21
18 Structural and MEP system adjustment and documentation 11,15,17,21
Construction 19 Architectural details, specifications, and structural calculation 17.18. 20
documentation documentation and incorporate subcontractor documentation e
20 Principal structural parts finishing and propriety review 21
Check the errors and omissions in documentation and
21 o . 17,20
constructability review
» Determine and Feview the work activities for unit production in 1,17,27, 28,29
factory (determine factory work)
M . 23 Prepare shop drawings and check interference in unit production 22
anufacturing . A .
24 Prepare unit production line design 23
25 Prepare manufacturing tolerance management plan 17,22,23,26
26 Prepare quality management plan 22,25
Transportation 27 Prepare management plan for reducing deformation and damage 1,22
28 Review the Road Traffic Act regulations (weight and size of unit) 1
29 Determine onsite work activities 22
30 Select tower crane location 1,2,28
31 Select tower crane specification 17,22, 30
. 32 Prepare shop drawings and check for interference 29,33
Onsite Work 33 Review constructability for onsite work 29,32
34 Prepare onsite work tolerance management plan 29
35 Prepare deformation management plan in unit lifting process 12

Prepare unit proofing plan to reduce damage from weather

36 conditions

17,22
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For the rearrangement, a DSM of the modular construction design process was developed based
on the information flow relationship in Table 4. Figure 5 illustrates the DSM. The marks above the
diagonal represent the reverse information flows. The optimization objective of the DSM is to move
as many marks as possible to below the diagonal [47]. Figure 6 depicts the rearranged activities and
information flow in the DSM after applying the partitioning algorithm. Then, activities with strong
interdependencies were grouped, and each group has feedback and reverse information flow between
activities. The blue boxes in Figure 6 indicate the groups, and to constitute the blue box, a clustering
algorithm was used. Although the number of feedback processes were reduced by the optimization,
some still remain. Activity groups A, B, C, and D require information flow management, because the
feedback processes are concentrated within the groups. As a quantitative result, the total number of
reverse information flows in the process was reduced from 23 to 18 after rearrangement of the activity
order. For example, the Road Traffic Act regulations review in the transportation planning phase was
reallocated to the SD phase. The reverse information flow of reviewing the regulation was reduced
from 4 to 0. This reduced reverse flow implies that the regulation review affects other activities in
the process. By allocating the regulation review to the early design phase, engineering rework in the
design and planning phases can be reduced. Given that the results of the SD phase affect the following
activities, reallocation in the early phase implies that the potential rework in the following phase can
also be reduced.
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Element Name 31415]617]18]9110]11]12]13]14]15]16]17]18]19]20]21]22]23]24]25]26]27|28]29]30]31]32]33]34]35]36
Site analysis 1
Site layout planni 201 ¢ 1 1
Establish design direction in terms of plan, section, and elevation 3 1 RA1 1
Building core pl g 4 1 g
Explore interior and exterior material 5 1 5
Reviewing the strength of material, structural design criteria, design load 61 1 6
Reviewing alternatives of structural system design such as size of component 7 1 B 1
(rough estimation of unit weight)
MEP planning and MEP space requirement review 8|1 11 8
Develop and modify the schematic design 9 1 LR 11 1 1)1
Determine interior and exterior material 10 j§ 10
Determine structural system design 11 1]1 1 11
Structural design analysis and structural calculation documentation 12 |y 12 1
Draft the location and size of structural component 13 1 1]1 K]
Bar arrangement drawing documentation 14 |y 14
Determine MEP system 15]1 1]1 15
Reviewing MEP and structural component interference 16 1 1 1
Prepare construction document of the design 17 1 17 1[1
Structural and MEP system adjustment and documentation 18 1 1 1y 18 1
Archite ctural detail, specifications, structural calculation documentation and incorporate subcontractor’s 19 i1
documentation
Principal structural parts finishing propriety review 20 20
Check the errors and omissions in documentation and constructability review 21 1 1 P2l
Determine and review the work activities for unit production in factory (Determine factory work) 221 1 22 1/1]1
Prepare shop drawing and check the interference for unit production 23 1 P&l
Prepare unit production line design 24 1 P2
Prepare manufacturing tolerance gement plan 25 1 1[1 25
Prepare quality gement plan 26 1 1§ 26
Prepare 5| Plan for reducing deformation and damage 271 1 27
Review the Road Traffic Act regulation (weight and size of unit) 281 28
Determine the on-site work activities 29 1 29
Select tower crane location 30[1(1 1 30
Select tower crane specification 31 1 1 1 Ki
Prepare shop drawing and check the interference 32 1 2
Review constructability for on-site work 33 1 1 RK] |
Prepare on-site work tolerance management plan 34 1 34
Prepare deformation manage ment plan in unit lifting process 35 1 35
Prepare unit proof plan to reduce the damage from weather condition 36 1 1 36

Figure 5. Information flow identification using DSM.
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4. Integrated Design Process for Modular Construction

4.1. Schematic Design Phase

Through DSM optimization, activities in the design phase and rework mitigation plan were
rearranged and an integrated design process was suggested. In the process, activities are conducted
sequentially from above. The marks on the matrix refer to the relationship described in Figure 4 and
the marks on the diagonal line indicate feedback or reverse information flow. Using this process, it
is expected that reworks in modular projects will be reduced. In this section, each design step in
the design phase is explained, focusing on the rearranged activities and groups of activities. In the
schematic design step, the Road Traffic Act regulations review in transportation planning and tower
crane location selection in onsite work planning were included. When developing building design
alternatives, it is necessary to review the Road Traffic Act regulations [12,55]. If the design does not
meet the regulations, the building design is reworked because modular units must be transported to
the site.

In this step, activity group A indicates the feedback process between the site layout planning and
tower crane location selection. In the planning phase of the onsite work, the selection and positioning of
tower cranes on the construction site are essential, because heavy units must be lifted [39,51,52]. In the
tower crane operational plan, capacity is estimated based on a combination of the maximum distance
that the tower crane must reach and the weight of the material. By reducing the maximum distance,
the tower crane’s operational cost can be reduced. For example, in the SD phase, after estimating
the approximate weight of the unit, tower crane location alternatives are suggested considering the
alternative site layout planning. Then, the tower crane capacity can be estimated on the basis of the
combination of alternatives. If a tower crane with the required capacity cannot be obtained from a
crane rental company or if the operational cost is uneconomical, the weight of the unit, the location
of the crane, or the site layout plan are modified to meet the project objectives. After the design
process—along with the regulation review and tower crane operation—is completed, a building design
is selected from among the design alternatives by considering the feasibility and project objectives.

4.2. Design Development Phase

In this phase, the selected design from the schematic design phase is developed and the building
systems—such as architectural, structural, and MEP systems—are determined. Activity group B
shows the feedback process between activities to determine the building systems. To facilitate
information interchange between project participants, information flow management is required. In
this phase, when developing the MEP and structural design, interference between these activities often
occurs [55,56]. Therefore, to reduce rework caused by interference, an accurate design review between
activities is required, which implies that there will be feedback in this design process.

In this phase, onsite work planning is included to prevent the deformation of units [12,24]. When
lifting a unit onsite, deformation caused by self-load of the unit can occur. This can affect the quality
of unit and cause difficulties during the onsite unit assembly phase. To prevent this deformation, a
balance beam can be used; however, deformation may still occur for heavy units. There is also an
approved deformation range in the assembly phase. However, when the deformation exceeds the
approved range, rework to revise the deformation should be conducted. The higher the quality and
precision standards of the modular units, the higher the probability of running into common problems
when using less precise components onsite or when the precision of the unit decreases [18]. Therefore,
when selecting the structural system and conducting structural analysis of units, it is necessary to plan
for preventing deformation induced by self-load.

4.3. Construction Documentation Phase

In this phase, the results of the previous phase are developed, and details are determined. Then,
construction documents, such as drawings for details and specifications are prepared for manufacturing



Sustainability 2020, 12, 530 15 of 19

and onsite work. In this phase, the participants in the design planning phase crosscheck the design
documents to rectify errors and omissions. The design document is used to prepare shop drawings for
unit production and onsite work. The quality of shop drawings is directly related to project quality.
Hence, interference between components or activities should be checked and rectified. Activity group
C shows the feedback process in this phase. Here, constructability, information interchange, and
rectification should be facilitated between participants [12,13,24].

4.4. Manufacturing, Transportation, and Onsite Work Planning Phase

In this phase, manufacturing, transportation, and onsite work plans, which are not included
in the previous design phases, are finalized based on the results of the CD phase. To improve the
efficiency of modular construction, the largest number of activities possible must be conducted in the
manufacturing process. After the manufacturing process, units are transported to the construction
site. It is necessary to establish the work plans according to the site environment and road conditions.
Therefore, the work activities conducted in the manufacturing process are selected considering the unit
deformation in transportation, damage to units, and site environment. Then, the remaining activities to
complete the project are conducted onsite. Given that the work proportions are determined depending
on the project characteristics, the proportions are flexible. This work activity distribution is shown by
the activity group D in Figure 6. In this group, manufacturing, transportation, and onsite work plans
are cross-checked and rectified by the participants. Therefore, it involves feedback processes between
activities, and therefore, cooperation is required between participants. Moreover, in addition to work
planning related to rework, other work planning for activities is also included in this phase.

The proposed design process can contribute to reducing rework in modular construction projects
by integrating the rework mitigation plans and work planning. To employ this planning process,
modular construction must be considered in the early project phase by the project client or in the early
design stage. Then, to facilitate the process and include project participants in the early design phase,
project delivery methods, such as integrated project delivery (IPD), should also be considered [12].
However, there are many hindrances to choosing modular construction, such as early design freeze,
limited experience, short overall project timescale, and lack of availability of advice in the early
phase [22]. Moreover, follow-on projects cannot use the same processes as previous projects, which
is a constraint caused by a lack of experience and knowledge [22]. To overcome this, a standardized
modular construction process is required. The proposed design process can be used to overcome the
constraints and reduce rework in modular construction.

5. Discussion

To facilitate information flow in the design process, an integrated design process was suggested
using DSM. To validate the process and effect on reducing errors in the design phase, an expert
interview was conducted. The expert group consisted of researchers and architects; experts with over
5 years of experience in modular construction. In the interview, the experts agreed that an integrated
design process is required to reduce errors in the design phase, and that the suggested process could
reduce the errors. Since each participant in the process is a non-professional in all of the other fields
(for example, a manager in a transportation company without knowledge of design processes), they
do not know to whom or at what stage they should provide relevant information. Therefore, error
can be reduced by informing them of what information should be provided to other participants and
when. However, they also mentioned that further investigation into the information relationship
between activities is required to find the unidentified relationship in this paper. For example, when
planning tower crane operation, the crane may be located near the building core to attach the crane to
the core. This means that the increased load caused by tower crane operation should be included in the
structural design of the building core, because of the heavy weight of the unit and crane. Therefore, this
unidentified relationship should be further investigated and included in the suggested design process.
Moreover, the above-mentioned experts who are to use the process should consider project delivery
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methods at the beginning of the project, because some methods such as design-bid-building do not
allow early integration of participants. The expert interview results show the effect and necessity of
the process. However, there are limitations. In real projects, various decision-making criteria, such as
level of modularity and integration strategies, are applied in the design phase that affect the design
process, but these have not been considered in this paper, as they are outside the scope of study. In
this paper, the design process of the AIA was applied to the suggested process, but when applied to
other countries, legal considerations need to be reviewed. Moreover, to represent the information flow
more clearly, various types of relationship can be used, representing the type of information or subject
of information exchange, but the DSM in this paper used only 3 types of relationship. Thus, it can
only represent information flow as a binary system. Finally, to ensure the robustness of this research,
further validation of the process through application to a real project is required.

6. Conclusions

An integrated design process was developed using DSM and optimized using a partitioning
algorithm. Through process optimization, feedback and reverse information flows were reduced,
and thus, the complexity of the design process was alleviated. It is expected that rework in modular
projects can be reduced by using the proposed process. Additionally, by using the information flow
identification method proposed in this paper, other considerations for modular projects can also be
included in the process. However, the process has limitations in that (1) application of the process to
modular projects is required for validation; (2) the cases and causes of rework used are limited to only a
few cases in the daily report and literature; and (3) the process is not able to suggest information about
participants, i.e., who should be included for each activity in the planning process; and (4) although
many criteria affect the decision-making process in the design phase, such as quality, safety, cost and
constructability, the suggested design process in this paper focused on the information relationship
between activities, and thus, the effect of the suggested process on the criteria were not considered.
To overcome these limitations, other criteria affecting the design process should be included in the
integrated design process. Accordingly, a case study including more cases of rework and validation
will be conducted in future research.
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