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Interactions between building information modelling and off-site manufacturing for
productivity improvement

Abstract

Purpose- New methods have been introduced as revolutionary approaches in the construction industry,
such as Off-Site Manufacturing (OSM) and Building Information Modelling (BIM). Although these
approaches can provide many benefits, there are still barriers to meeting the expectations of improved
construction productivity via their implementation. Hence, this paper aims to critically review the
capabilities of OSM and BIM techniques, as well as their potential interactions, in productivity
improvement.

Design/methodology/approach- A scoping review approach was adopted, where 100 peer-reviewed
journal articles were collected to analyse the capabilities of OSM and BIM, as well as their potential
interactions, in productivity improvement as assessed by key productivity indicators (KPrls).

Findings- The results reveal seven BIM-based capabilities and six OSM-based capabilities, as well as 12
potential OSM-BIM interactions that have significant potential for satisfying KPrls.

Originality/value- An integrated framework has also been developed to clarify and conceptualise the roles
of OSM-BIM interactions in their designated KPrls. The research has developed insightful and practical
references for strategic planning and management in OSM-BIM-based projects.

Keywords Construction, Project Performance, Productivity, Capabilities, Integrated Framework,
Interactions, OSM, BIM
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1. Introduction

Construction professionals have always searched for new methods to improve productivity. However, the
selection of the most suitable and practical construction method remains a common challenge in
construction performance (Ferrada & Serpell, 2013). Traditionally, researchers have attempted to target
productivity improvement through benchmarking the best practices with productivity indicators in
construction projects (Arditi & Mochtar, 2000; Cox, Issa, & Ahrens, 2003; Enshassi, Kochendoerfer, &
Abed, 2013). Achieving success in the establishment of new technologies very much depends on the
balance of the integration of the capabilities and potentials of the system against the fragmentation of the
processes and parties involved in a project (Blayse & Manley, 2004). The collaboration of all parties is key
to performance enhancement and successful project delivery (Walker, 2018).

Building Information Modelling (BIM) is a new technique that has recently arisen in the construction
industry worldwide, and operates at different stages of the life cycle of a project. BIM, through its
visualisation and information-sharing abilities, enables stakeholders to combine designs and assess the
outcomes during the early stages of a project (Ding, Zuo, Wu, & Wang, 2015). Porwal and Hewage (2013)
observed in their case study that BIM has been proven to improve the construction process through efficient
coordination among the stakeholders and the provision of accurate information. In fact, many countries
have actively promoted BIM technology. The United States (US) is believed to be one of the pioneering
countries in the adoption of BIM, where the public sector and departments at different levels have
established BIM programmes, roadmaps and standards (Cheng & Lu, 2015). The United Kingdom (UK)
government has the same approach to BIM and has even regulated the mandatory measure to use of BIM
Level 2 on certain projects (Khosrowshahi & Arayici, 2012; Ganah & John, 2014). The mandatory use of
BIM could bring increased competitiveness and productivity in the long run (Bryde et al., 2013). The
potential of BIM to increase construction productivity and performance in the broader sense has been
extended from buildings to infrastructure projects (Chong et al., 2016). The clarification of responsibilities,
agreements and duties through BIM effectively contributes to project productivity (Azhar, 2011; Chong et
al., 2017; Love, et al., 2011). Nevertheless, BIM is still evolving and its potential very much depends on
certain factors, such as project size, team members’ proficiency, the communication conditions among the
project’s members and external organisation-related factors (Barlish and Sollivan, 2012).

Off-Site Manufacturing (OSM) is a method in which components are produced via factory activities and
then assembled and erected via on-site activities (Khalfan & Magsood, 2014). OSM has been defined as a
technique for improving both quality and quantity in construction. OSM consistently demonstrates higher
productivity improvement compared to traditional construction based on on-site activities only (Eastman
& Sacks, 2008). It has also been introduced as the most influential agent in creating noticeable opportunities
to improve the construction industry globally in future decades (SBEnrc, 2017).

In response to stakeholders and end users’ expectations, the interactions between these new technologies
have put on the agenda to optimise time, cost and quality, as the main aspects determining construction
performance (Aliakbarlou et al., 2018). Although these new concepts can be applied to projects
independently, some characteristics of each concept will cover the others via hybrid concepts to improve
the stages of the project. For example, BIM is able to supplement certain other new technologies in
achieving their objectives. BIM and Lean collaboration has been a widely highlighted outcome due to the
integration of these concepts. Fifty-six interactions have been identified between BIM and Lean
collaboration that improve the construction industry (Sacks et al., 2010). Another research study linked
these two techniques under a mutual mission of waste reduction and efficiency growth, which generally
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created value in the construction sector (Bi and Jia, 2016). It has been observed that an enriched model
developed from BIM standards not only creates a platform for exact data exchange, through an effective
communication line promoting Lean concepts (Hamdi and Leite, 2012; Sacks et al., 2009), but also
improves prefabrication systems (Moghadam et al., 2012; Nawari, 2012). BIM is perceived to be one of the
new technologies capable of accompanying OSM. BIM specifications seem to confer the ability to support
and complement OSM and fulfil its potential once applied in practice.

Therefore, this paper aims to critically review the capabilities of both the OSM and BIM techniques, as
well as their potential interactions in productivity improvement. A scoping review was adopted and the
pathway was developed based on the question, ‘which productivity indicators have the capacity to be
affected so as to optimise project progress?’, followed by another question: ‘which indicators could be
affected via the interaction of these two concepts and how do these capabilities overlap or work
individually?’ For this purpose, initially key productivity indicators (KPrls) need to be developed through
the literature review before investigating the effects of BIM and OSM on these indicators. This paper
summarises how BIM can contribute to the improvement of project progress in an OSM-based project and
vice versa. More specifically, the capabilities of BIM include highly accurate information regarding the
specifications of components, visualisation of the project and site via a 3D model, a rapid information-
sharing platform for early decision-making and optimum planning/scheduling, all of which can promote
productivity in OSM-based construction projects.

2. Literature Review

Low productivity on construction sites has always been one of the stakeholders’ main challenges in the
construction industry. Many researchers have tried to develop various ideas to identify effective practices
from different concepts and integrate these to promote the industry’s status. The focus has been on
improving customer satisfaction through product and process development, which required fostering of
commitment between all parties involved in a project (Murray, 2003; Segerstedt and Olofsson, 2010). As
such, KPrls play a significant role in a construction project.

2.1 KPrls in construction

Productivity indicators in construction projects can be referred to as the indicators by which the actual
project progresses as the output will occur and be assessed by comparing it to the planning and scheduling
template. Dozzi and AbouRizk (1993) stated that ‘traditionally productivity has been defined as the ratio
of input/output’ (p. 1). Input refers to materials ($), personnel (P-H), management and equipment ($), while
output refers to the production unit. The high costs of construction projects are in the nature of these
projects. Thus, the minimum input expected to obtain the maximum output is deemed ‘productivity
achievement’ (Huang et al, 2009). In this paper, the authors attempted to clarify the terms construction
‘performance’ and ‘productivity’. The authors refer to the performance perspective as a broad overview,
which can be followed by the productivity perspective in a narrow sense. This means that productivity is
aligned with performance. Therefore, the productivity perspective may follow the performance perspective.
However, Dozzi and AbouRizk (1993) believe that the term ‘performance’ can also be used instead of
‘productivity’. Comin (2010, p.260) stated that ‘Total Factor Productivity (TFP) is the portion of output not
explained by the number of inputs used in production’. Thus, the production unit can be deemed as project
progress in construction projects.
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There is a wide range of indicators impacting productivity that can be designated under the socio-economic
conditions present in both developing and developed countries (Hasan et al., 2018). These indicators have
been categorised into quantitative and qualitative indicators; quantitative indicators are those that are
physically measurable and applicable by means of numbers, amounts and units, such as a report of costs,
completion percentage, the amount of materials and the number of human resources, while qualitative
performance indicators are those that are not easily and tangibly measurable. These indicators do not offer
accurate data on a project’s status, but describe a situation, such as a safety report (Cox et al., 2003). The
conceptual framework below summarises the papers showing the categories and subcategories of
productivity indicators in construction projects (Allmon et al., 2000; Arditi and Mochtar, 2000; Bassioni et
al., 2004; Chan et al., 2004; Chan and Kumaraswamy, 1995; Chan, 2009; Cox et al., 2003; Diamantopoulos
and Winklhofer, 2001; Dozzi and AbouRizk, 1993; Enshassi et al., 2013; Kapelko et al., 2015; Meng, 2012;
Poirier et al., 2015; Takim and Akintoye, 2002).
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Key
Productivity
Indicators in
Construction
Projects

ALl. Financial strength
A2. Previous experience
A3. Company policy
A4. Human recourses
A5. Company assets
AB. Company size

A7. Management style

B1. Incentive for crew C1l
arrangements C2
B2. Work conditions C3
B3. Loyalty C4
B4. Availability of labor C5.
BS5. Safety C6
B6. Quality control —] C7
B7. Working hours C8
B8. Workforce relation

. Delivery on time

. Availability of material
. Material fees

. Procurement

Availability of accessories

. Storage
. New products
. Prefabrication

E1. Regulations of health
E2. Regulations of environmental
E3. Local codes

B9. Contract agreement

B10. Local regulations

B11. Training

B12.Closure &Economic
difficulties
B13.Political/cultural situation

A. Company Characteristic
B. Labor

C. Material

D. Management

E. Regulation

F. Machinery

G. Contract Condition

H. Information Technology
I. Engineering

—J K. External Circumstance

apiin

K1.Goal setting/ social
Justification (Social comfort)
K2.Time Study

K3.Quality Circles

]

D1. Site management

D2.Office management

D3.Coordination mode of company
D4.Planning

D5.Scheduling

D6.Resource allocation

D7.Coordination with subcontractors
D8.Estimating

D9.Cost control

D10.Coordination among all stockholders
D11.Safety management

D12.Quality management
D13.Coordination with local authorities
D14.Marketing

D15.Coordination with research organizations
D16. Environment Management

D17. Seauence manaaement

F1.Capacity
F2.Suitability
F3.Skilled
Operator
F4.Safety
F5.Replacement
F6.Maintainability
F7.Cost Control

G1.Payment arrangement
G2.Incentive/ Disincentive clauses
G3.Risk Distribution among Parties
G4.Selection of:

. General Contractor

. Subcontractors
G5.Insurance
G6.Methods of dispute resolution
G7. Structure of Project’s
organization

11.Specifications
12.0utcome& value
assessment

13.Design standard

14. Process& Procedures

H1.Scheduling and planning
H2.Accounting

H3.Design and application of
software

H5.Estimating and costing
H6.Risks analysis

H7.Internet and electronic mail
(Site communication)

H8. Technical communication
H9.Guidline improvement

Figure 1. Conceptual framework of key productivity factors leveraging project success
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2.2 BIM and the level of adoption

BIM is the process of developing and applying a simulated model of the planning, designing, construction
and operation of a building, which contains a collection of data and rich information on all the details
relating to a project during its life cycle. BIM is a smart 3D CAD, automatically adaptable to any change
and connected to a database that acts as a common source for all parties involved in the project.

BIM has moved into the areas of architecture, engineering and management. The level of BIM uptake is
determined by the activities for which it was designed to be used. This determines the level of integration
of practice and professionalism in a company using BIM. Thus, the uptake level varies from one company
to another (Haron et al., 2010; Newton and Chileshe, 2012). Figure 2 presents the practices derived from
BIM, with the centre of the figure showing the common applications of BIM. As can be seen, these include
sequencing, clash detection, facility management, constructability assessment, estimation and measurement
(Chong et al., 2014). The improvement of conflict management has been noted as a capability of BIM, as
potential disputes can be better controlled (Charehzehi et al., 2017).

Facility
management

Safety Planning/
management Schedueling

Virtual BIM Clash
modeling practices detection
Site Measurment/
management Estimation

Constructability
assessment

Figure 2. The potential practices of BIM in construction projects

2.3 OSM and the level of adoption

The OSM approach is a modern technique in which prefabricated construction components are merged and
erected as an on-site activity. The components are produced off-site in a controlled manufacturing
environment and then transported to and positioned on the construction site (Blismas, 2007). The severe
lack of construction workers and material resources after the world wars of 1914-1918 and 1939-1945
opened the gate for the advent of OSM. Many terms have been considered for this concept (Vernikos et al.,
2014), all of which, with a few variations in their applicability, have resulted in the OSM system that is
now commonly used (Amanda et al., 2017).

An industry report prepared by Sustainable Built Environment National Research Centre (SBEnrc, 2017)
declared the UK to be a pioneer in fostering and benefiting from OSM, which had resulted in a noticeable
improvement in their construction programme, meaning that significant environmental, economic and
social benefits have been achieved via OSM. The market in the Asia-Pacific, as the most demanding market
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for investment in OSM, has been calculated to amount to USD100 billion up until 2020. A report in 2012
showed that China had the largest market share (60%), while the smallest market share belonged to
Indonesia, at just 5%. Japan and Australia shared 22% and 7% of this investment, respectively. It has been
noted that the rate of growth of the OSM market in Australia will dramatically increase due to the high
costs of both labour and importing manufactured components. Strengthening the internal market and
fostering job opportunities in Australia may thus be another main reason for harnessing the OSM approach.
Some obvious values arising from OSM are ‘reduced risk of delay, reduced likelihood of variation,
increased construction safety, more attraction to home buyers, greater return on equity, reduced material
cost, less theft, vandalism, and damage of material’ (SBEnrc, 2017, p.8-9). The costs of OSM-based
projects that are not applicable to non-OSM projects have been arguably assumed to be a barrier to the
uptake of the OSM approach (Blismas & Wakefield, 2009). Certain extra costs have been seen to place
pressure on projects due to the lack of systematic uptake, highlighting which stage and how the uptake of
OSM should be considered. The uptake level may vary in between projects based on the characteristics and
situation of the project (Blismas & Wakefield, 2009). Although many researchers have identified significant
benefits from the utilisation of OSM, there are still barriers to embracing the OSM approach and reaping
these benefits in Australia (Wynn et al., 2013). Every action is crucial to support the decision regarding
OSM uptake via offering supplementary abilities in order to promote productivity and efficiency (Blismas
& Wakefield, 2009).

2.4 The concept of interactions

A combination of techniques may sometimes increase the capabilities of both techniques. One proposed
solution to the problem of cost overrun in the construction industry is the concomitant application of Lean
and linear programming strategies as an interacting measure (Gade, 2016). BIM, as an interactive technique,
has been used to influence the industry by providing a collaborative approach and an information-sharing
platform. For instance, the concepts of Lean principles interact with BIM in both positive and negative
ways (Sacks et al., 2010). An enriched BIM model can effectively support OSM projects at different uptake
levels, subject to capturing suitable readable data available in a BIM model and exchanging these with other
stakeholders (Nawari, 2012). Wynn et al. (2013) believe that construction efficiency can be promoted by
an OSM-oriented process that is supported by IT solutions such as BIM and Acconex.

2.4.1 BIM and OSM

OSM, as an advanced technology, holds tremendous potential to interact with BIM to contribute to
improvements in the construction industry (Goulding et al., 2012). Faster progress, quality and cost
optimisation and minimisation of work corrections on site; or in the broader sense, a more sustainable site,
arise from the integration of off-site produced units in a construction project (Arif et al., 2012; Khalfan and
Magsood, 2014). Previous studies, however limited, have briefly discussed the potential benefits of BIM in
OSM. For example, BIM has been recognised as having the potential to link design, manufacturing and
construction through a workshop in relation to OSM (Goulding et al., 2012). Vernikos et al. (2014, p. 152)
interviewed 12 leading BIM experts and innovation directors and found that BIM can improve OSM
through ‘configuration and interface management; information data flow; project management and
delivery; procurement and contracts’. Nawari (2012) stated that an enriched BIM model can be effectively
used by not only manufacturers to produce prefabricated components, but also by users needing to capture
all related data from the BIM model, which will improve building processes in OSM-based projects. Ezcan
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et al., (2013) explained that how BIM can cover some of the weaknesses of OSM that have been reported
in the literature. Amanda et al. (2017) revealed far greater benefits of BIM in OSM than in traditional
construction technigques by considering a range of parameters, such as time, cost, quality, sustainability,
market culture, poor integration and safety, among others.

The current research proposes an interaction between OSM and BIM through an integrated framework for
productivity improvement. As an example, precise information on the details of a component, including its
dimensions and assembly descriptions, visible via BIM can assist fabricators to better position the
component. In order to exploit this capability, some researchers believe that design data are effectively
transferable into the prefabrication process in a factory environment via BIM’s capacity to offer exact
digital specifications, although others have stated that despite the BIM specifications, the success of new
concepts depends on organisational strategy (Vernikos et al., 2014) and project governance functions
(Hjelmbrekke et al., 2017).

3. Review Approach

The approach taken for the scoping review was to retrieve the necessary data from the literature. This review
approach consolidates the evidence on the research variables on the basis of their potential links or synergies
(Pham et al., 2014). This is particularly useful for new topics and dealing with a lack of comprehensive
literature (Peters et al., 2015). Figure 3 shows the overall processes, along with the main contents, that
shaped the scoping approach. Through the literature review, six categories were identified for improving
construction productivity either individually or synergistically: resources, management, engineering,
procurement and contracts, information technology and sustainability. The second stage involved searching
the channels of evidence, including the collection and filtration of the type of literature. Relevant papers
were identified by keyword searches of Google Scholar and library databases, and their relevance was
assessed by examining their abstracts was. The keywords used in the searches were construction
productivity growth/Improvement, BIM capabilities, OSM capabilities, BIM in construction, OSM in
construction and BIM-OSM contribution. In detail, the first step of the selection process retrieved articles
relating to performance and productivity in construction. Thirty-four papers were identified, and following
assessment, 27 were retained based on the required productivity indicators. Next, these papers were scanned
to identify a clear understanding of the definition of BIM and OSM and their capabilities. Twenty OSM-
related papers and 57 BIM-related papers were screened, with 16 and 50 retained, respectively. The
identification process was followed by an in-depth search on the current state of BIM—OSM interactions,
from which seven relevant papers were retrieved and analysed. The screening process was necessary to
obtain and analyse reliable and accurate sources of materials for the literature review. The research
guestions were then developed, asking how BIM, OSM and BIM-OSM overlaps and interactions may
improve KPrls. Finally, 100 journal articles covering the scope of these techniques were selected.
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Step 1: Scope clarification
Aim: To prepare a comprehension of the current state of BIM-OSM overlaps for improved KPIs
Key Concepts for Investigation
No Categories BIM-related OSM-related BIM-OSM Construction
Publications Publications related Productivity/Perfor
Publications mance publication
1 Resources Did the papers Did the papers Did the papers Did the papers
3 Management gddress KPIs gddress KPIs _address KPIs address KPIs in
- - improvements? improvements? improvements? construction?
3 Engineering
4 Procurement and contract
5 Information Technology
6 Sustainability [
p—

A4

Step 2: Searching channels for the evidence
Stages Resources Key words
Collection Google scholar search Construction productivity growth/Improvement
Article journals database search BIM capabilities
OSM capabilities
Filtration BIM-OSM contribution
BIM in construction
OSM in construction

Step 3: Findings evaluation

Step 4: Combination and overlaps/ interactions of the capabilities

Step 5: Conclusion

Figure 3. The selection process for the literature review
4. Data Analysis and Findings

Table l1la shows the four research categories investigated in detail; namely, construction
productivity/performance, BIM in construction, OSM in construction and BIM-OSM interaction.
Productivity/performance growth and the indicators used in construction projects were discussed from the
first category of papers identified. The role of BIM and OSM and their capabilities as standalone
improvement approaches were described from the second and the third categories, while the interactions
between BIM and OSM were investigated in the last category of papers. Table 1b summarises the number
of articles reviewed in each of the research areas.
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Table 1a. Peer-reviewed publications in the proposed research areas

No Academic researches Construction performance/ BIM in construction OSM in construction BIM-OSM Interaction
Productivity publications publications publications confirming publications
1. Amanda et al. (2017) X
2. Ahmad and Thanheem (2018) X
3. Aliakbarlou (2018) X
4. Allmon et al. (2000) X
5. Arashpour et al. (2015) X
6. Arditi and Mochtar (2000) X
7. Arif et al. (2012) X
8. | Azhar (2011) X
9. Azhar et al. (2012) X
10. | Azhar et al. (2009) X
11. | Bank et al. (2010) X
12. | Baratietal. (2013) X
13. | Barlish and Sullivan (2012) X
14. | Bassioni et al. (2004) X
15. | Biand Jia (2016) X
16. | Blayse and Manley (2004) X
17. | Blismas (2007) X
18. | Blismas et al. (2006) X
19. | Blismas and Wakefield (2009) X
20. | Blismas et al. (2005) X
21. | Brydeetal. (2013) X
22. | Boyd et al. (2012) X
23. | Chanetal. (2004) X
24. | Chanand Kumaraswamy (1995) X
25. | Chan (2009) X
26. | Charehzehi et al. (2017) X
27. | Cheng and Lu (2015) X
28. | Chenand Lu(2014) X
29. | Chong et al. (2017) X
30. | Chong et al. (2014) X
31. [ Chong et al. (2016)
32. | Cirbinietal. (2015) X
33. | Coxetal. (2003) X
34. | Diamantopoulos and Winklhofer (2001) X
35. | Ding etal. (2014) X
36. | Ding etal. (2015) X
37. | Dozziand AbouRizk (1993) X
38. | Eastman and Sacks (2008) X
39. | Murry (2003) X
40. | Elnaas et al. (2014) X
41. | Enshassi et al. (2013) X
42. | Ezcanetal. (2013) X
43. | Ferrada and Serpell (2013) X
44. | Forgues et al. (2012) X
45. | Gade (2016) X
46. | Ganah and John (2014) X
47. | Ghazali, W., & Irsyad, W. A. (2016) X
48. | Goulding et al. (2012) X
49. | Goulding et al. (2015) X
50. | Hamdi and Leite (2012) X
51. | Haronetal. (2010) X
52. | Hasan et al. (2018) X
53. | Hergunsell (2011) X
54. | Haung (2009) X
55. [ Hjelmbrekke et al. (2017)
56. | Irizarry et al. (2013) X
57. | Kang et al. (2007) X
58. | Kapelko etal. (2015) X
59. | Khalfan and Magsood (2014) X
60. | Khoshnava et al. (2012)
61. | Khosrowshani and Arayici (2012) X
62. | Leeetal. (2015) X
63. | Lessing et al. (2005)
64. | Lietal (2014) X
65. | Loveetal (2011) X
66. | Luand Korman (2010) X
67. | Luetal. (2017) X
68. | Meiling et al. (2012) X
69. | Meng (2012) X
70. | Moghadam et al. (2012) X
71. | Nawari (2012) X
72. | Newton and Chileshe (2012) X
73. | Olofsson et al. (2007) X
74. | Panetal. (2012) X
75. | Park etal. (2017) X
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76.

Pasquire and Connolly (2002)

7.

Pellinen (2016)

78.

Poririer et al. (2015)

79.

Popov et al. (2010)

80.

Porwal and Hewage (2013)

81.

Sacks et al. (2010)

82.

Sacks et al. (2009)

83.

SBEnrc (2017)

Shin et al. (2016)

85.

Segerstedt and Olofsson (2010)

86.

Smith (2014)

87.

Succar (2009)

88.

Sulankivi et al. (2010)

89.

Takim and Akintoye (2002)

90.

Trani et al. (2015)

91.

Vernikos et al. (2014)

92.

Walker (2018)

Wang et al. (2015)

94.

Wang and Love (2012)

95.

Wang and Chong (2016)

96.

Wong and Fan (2013)

97.

Wong and Kuan (2014)

98.

Wynn et al. (2013)

99.

Zhang et al. (2010)

100.

Zhang et al. (2013)

Table 1b. Summary of the papers on BIM, OSM and performance

Research categories Number of the papers
BIM specification and capabilities in construction 50

OSM specifications and capabilities in construction 16

BIM-OSM interactions confirming papers 7

Construction performance/productivity 27

Total papers 100

4.1 The standalone OSM capabilities/functions for KPrls

The table below summarises the indicators that can be improved using standalone OSM techniques, and
reflects the relevant KPrls in Figurel. The following sections discuss the ways in which the nominated

KPrls can be improved under OSM functionalities.

Table 2. Nominated KPrls affected by OSM functions

The nominated KPrls The KPrls’ Number of sources of evidence Sources contributing to the justification of
variables from Figure 1 signifier contributing to effect on the interactions
variables
Planning and scheduling D4&D5 3 Elnaas et al. (2014); Lessing et al. (2005);
SBEnrc (2017)
Safety D11 2 Blismas et al. (2005); SBEnrc (2017)
Marketing D14 2 Pan et al. (2012); SBEnrc (2017)
Cost control D9 2 Pasquire& Connolly (2002); SBEnrc (2017)
Site management D1 2 Arashpour et al. (2015); Meiling et al. (2012)
Sustainability D9/D16/K1 3 Abanda et al. (2017); SBEnrc (2017); Boyd et
al. (2012)

4.1.1 Planning and scheduling

Low-quality construction may result in rework or modifications. As manufactured components are simply
attachable in construction sites, rapid erection will shorten the construction process (SBEnrc, 2017). Also,
quality control may be more feasible and precise in a controlled environment, due to better accessibility to

11
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the tools required for quality measurement in order to comply with specifications (Elnaas et al., 2014).
Thus, the chances of any rework or correction being required on the site can be minimised. In addition, the
construction process can be simplified if it follows a smoother plan and schedule, which leads to quicker
completion. Off-Site Manufacturing has rectified many problems in the construction industry, as well as
improving planning, scheduling and control, both off-site and on-site activities. These optimisations are
beneficial and productive in OSM-based construction projects (Lessing et al., 2005) compared to non-OSM-
based projects. Therefore, planning and scheduling of services, such as supply, transportation and human
resources management are able to be improved in OSM-based projects.

12


https://doi.org/10.1108/IJMPB-08-2018-0168

https://doi.org/10.1108/1JMPB-08-2018-0168 https://creativecommons.org/licenses/by/4.0/

4.1.2 Safety

Occupational health and safety regulations are more easily observed in a controlled working environment,
such as a factory (Blismas et al., 2005). Injuries arising from falls and collisions are more avoidable in these
conditions, as the necessary safety considerations are easier to meet (SBEnrc, 2017). Also, it is logical that
the reduced on-site activities required in an OSM-based project will result in fewer construction crew
members being required on the site, thereby reducing the likelihood of injuries.

4.1.3 Marketing

Marketing is improved by attracting more clients/stakeholders. To be more specific, promising a quicker
construction period, along with high-quality products, is attractive to homebuyers, who assume that earlier
construction completion and settlement in their homes will help them pay less rent and save more. This is
also attractive to investors, in that they will expect to achieve a quicker return on their equity, while more
rapid completion results in a project being sold more quickly. Consequently, more rapid cash flow and
capital return and re-investment will occur, which is especially important for commercial projects (SBEnrc,
2017; Pan et al., 2012).

4.1.4 Cost control

The 24-hour availability of materials in the site store prevents delays due to the ordering process. The longer
the completion, the greater the overhead costs. On the other hand, not only will the costs of multiple orders
be eliminated, but also the purchase of a large volume of materials at lower prices is possible. The cost of
waste management is another issue that is avoidable once waste and reuse-related issues are handled by the
factories. For example, no dumping costs are imposed (SBEnrc, 2017). In a controlled environment, the
chance of material protection is maximised, resulting in an economical material cost due to material storage
optimisation (Pasquire and Connolly, 2002). In other words, any possibility of material damage arising
from weather conditions and the probability of vandalism, theft and mistakes as a result of human handling
are minimised.

4.1.5 Site management

Reducing on-site construction activity and reducing congestion in these activities also reduces human
errors, resulting in better and more efficient site management (Arashpour et al., 2015; Meiling et al., 2012).

4.1.6 Sustainability

More controllable production reduces the chance of material wastage. This contributes to environmental
sustainability (less waste) and economic sustainability (reduced costs due to less material usage). Energy
consumption is also more efficient due to more controllable on-site equipment and energy savings resulting
from less trade and activity disruption (Abanda et al., 2017). Safety considerations are promoted in a factory
environment. Furthermore, workers can be provided with a comfortable environment, as they do not work
in severe weather conditions. This is associated with social sustainability (SBEnrc, 2017). Each of these
sustainability factors comply with the ‘people’ principles of OSM (Boyd et al., 2012).
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4.2 The standalone BIM capabilities/functions for KPrls

This section presents the KPrls that contribute to improving a project via standalone BIM functionalities.
Table 3 presents the nominated KPrls, as shown in Figure 1.

Table 3. Nominated KPrls affected by BIM functions

The nominated KPrls from The KPrls’ Number of sources of Sources contributing to the justification of
Figl signifier evidence contributing to effect interactions
on the variables

Sequence /Process D17 2 Chen & Luo (2014); Wang & Love (2012)
management
Site allocation & D1 2 Hergunsel (2011); Vernikos et al. (2014)
accessibility
Planning& Scheduling D4&D5 5 Barati et al. (2013); L.Ding et al. (2014);

Kang et al. (2007); Hergunsel (2011);

Li et al. (2014)
Safety D11 3 Chen & Luo ( 2014); Khoshnava et al. (2012);
Ghazali& Irsyad (2016); Sulankivi et al. (2010)
Social Sustainability K1 3 Ciribini et al. (2015); Wong & Fan (2013);
Eastman & Sacks (2008)
Economic Sustainability D9, C3& F7 3 Wong & Fan (2013); Azhar et al. (2009); Ahmad
and Thaheem (2018)
Environment Sustainability D16 2 Wong & Fan (2013);
Lu etal. (2017)

Interface management D10&D7 2 Smith (2014); Olofsson et al. (2007)
Procurement& contract G7 1 Sacks et al. (2010)
Information data H3,5,8,9&D10 2 Hamdi & Leite (2012); Succar (2009)
Value engineering 12 2 Park et al. (2017); Shin et al.(2016)
Concurrent engineering 14 2 Pellinen (2016); Succar (2009)

4.2.1 Sequence/process management

Under the BIM approach, information-sharing between stakeholders links all the parties involved in a
project, including the designer and the contractor, in a virtual 3D model with BIM management tools
revealing all the related details. All parties are able to communicate easily to clarify any ambiguities or
confusion (Chen & Luo, 2014; Wang & Love, 2012).

4.2.2 Site allocation and accessibility

The virtual site space created by BIM gives a good understanding of the ‘site logistic plan’ (Hergunsel,
2011). This is enables the effective organisation of the use of every location on the site in terms of the
optimum layout of temporary offices, material stock, siting equipment and plant, among others (Vernikos
et al., 2014).

4.2.3 Planning and scheduling

Effective identification of potential problems affecting project planning and scheduling is possible via a 3D
BIM model, as all parties involved in a project are linked through working on the same model at the same
time and exchanging relevant information (Barati et al,. 2013; Ding et al., 2014; Kang et al,. 2007). The
application of the critical path method (CPM) and line of balance improve scheduling in BIM (Hergunsel,
2011).Through BIM, optimum resource management, which plays a significant role in cost control, is
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achievable. Therefore, scheduling can be improved via BIM (L. et al., 2014). This can be observed in both
general planning/scheduling and re-planning/re-scheduling.

4.2.4 Safety

When site activities are better organised there are fewer the incidents resulting from site disruption. Through
the virtual site environment model offered by BIM, safety considerations are more observable through a
‘dynamic safety analysis’ (Chen & Luo, 2014); in particular, modelling of crane operation via BIM for site
accessibility (Khoshnava et al., 2012), for materials transfers, plant operations and equipment movement,
all of which will improve safety management. A 4D-BIM model provides an optimum site layout and more
effective safety plans (Sulankivi et al., 2010), which can be ‘a starting point for safety planning and
communication’ (Azhar et al., 2012, p .83).

4.2.5 Social sustainability

The 3D model offered in the BIM system enables designers to invite clients to review and impose any
probable changes to a project to satisfy their needs and bidding offers. Feedback from clients is received
before the commencement of construction, which not only prevents delay but also saves money, because
any changes requested after construction begins may be costly (Ciribini et al., 2015). The increased safety
offered via BIM can be considered as social sustainability, as workers are in a safer environment. This can
also be considered as a social factors in workers’ lives (Wong & Fan, 2013), in that social sustainability
focuses on people’s convenience (Eastman & Sacks, 2008).

4.2.6 Economic sustainability

Through the virtual model offered by BIM, design and construction management can be streamlined and
improved (Wong & Fan, 2013). To achieve this, the best decisions must be made for a project. For example,
accurate information about the materials required minimises budget waste arising from the purchase of
superfluous materials. The possibility of safety alerts also minimises the chances of compensation payouts
being necessary due to falls and collisions. Azhar et al. (2009) stated that BIM returns 634-1633% of the
initial investment. This confirms the satisfaction of economic sustainability considerations. Ahmad and
Thaheem (2018) also highlighted the economic sustainability achieved in building energy consumption
when BIM was implemented.

4.2.7 Environment sustainability

Materials are not wasted once there is no requirement for construction correction. More organised sites
result in more efficient and effective activities, saving material and energy (Wong & Fan, 2013). In fact,
the optimisation of energy and material consumption achieved via BIM implementation can protect the
natural environment and reflects both economic and environmental sustainability (Lu et al., 2017).

4.2.8 Interface management

The ability to exchange readable data, subject to a compatible format, between the parties involved
promotes a professional interface and effective linking between stakeholders (Smith, 2014). An informative
link between the plumbing, electrical and mechanical systems is a constructive collaboration on
construction sites. The conflicting activities of different teams sometimes affect each team, leading to the
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need for rework. This problem is rectifiable by BIM (Olofsson et al., 2007), which offers interface
management possibilities.

4.2 .9 Procurement and contracts

Lack of a procurement system and contracts suitable for BIM implementation is a barrier to achieving the
full benefits from the adoption of BIM, which offers reforms on both the procurement and contract sides.
The nature of information-sharing in the BIM environment specifies every action required by all parties
involved in a project (Sacks et al., 2010). The definition of any likely required provision can be clearly
given in the contract once the commitments of each party are specified. The party responsible for any
defects or required actions is observable if the activities are monitored and traced via the BIM environment,
which prevents disputes and contract complexity.

4.2.10 Information data flow through virtual model quality and data richness

In addition to a quality virtual model generating accurate information, a rapid line of communication for
the exchange of data is provided by the BIM model (Hamdi and Leite, 2012). This removes any doubts
regarding the requested specification of materials and elements and their integrity. Moreover, this function
is also able to bridge the divide between academia and industry to allow further improvement of BIM
guidelines as it is being practised.

4.2.11 Value engineering

A BIM-based value engineering (VE) idea bank enables stakeholders achieve rapid data retrieval from past
experience at the idea generation phase (Park et al., 2017). Furthermore, the nature of this information-
sharing platform links the stakeholders to each other in order to assess the consequences of a design or
apply alternatives. In other words, an assessment of the feasibility of every change in terms of technical and
cost factors is possible immediately via this smart virtual model, as the other parts of the model
automatically update themselves with the changes. Under the VE process, the virtual model can return to
the baseline by an undo function, with no money, energy or time being spent in reality. This confirms the
sustainability aspects of a BIM-based VE (Shin et al., 2016).

4.2.12 Concurrent engineering

The theme of concurrent engineering can be clearly seen in BIM if there are the opportunities to fast-track
activities or carry them out in parallel (Pellinen, 2016; Succar, 2009). As an example, the process of
reviewing and confirming the designs, in terms of executive technical requirements, can be shortened by
combining the models virtually (reviewing processes at the same time) rather than handing over the models
sequentially and undertaking a paper-based model evaluation.

4.3 The interaction of BIM and OSM for KPrls

Table 4 presents the potential OSM-BIM interactions. It justifies how these interactions occur and improve
KPrls once both techniques are applied simultaneously. The KPrls to be improved are listed in the left
column. The next column presents the relevant KPrls from Figure 1, while the third column presents the
sub-sections explaining OSM-BIM interactions. Lastly, the fourth column reveals the sources contributing
to the justification of the OSM-BIM interactions.
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Table 4. A summary addressing the improvements achieved via OSM-BIM interactions

The nominated KPrls for The KPrls’ The interactions descriptions Sources contributing to the justification of
improvement from Figure 1 signifier No via OSM-BIM interactions
implementation
Sequence /Process management D17 Interaction 4.3.1 Lu and Korman (2010); Irizarry et al. (2013)
Site allocation & accessibility D1 Interaction 4.3.2 Vernikos et al. (2014); Trani et al. (2015)
Planning& Scheduling D4&D5 Interaction 4.3.3 Bank et al. (2010)
Safety D11 Interaction 4.4.4 Zhang et al. (2013); Irizarry et al. (2013);
Zhang et al. (2010)
Social Sustainability K1 Interaction 4.4.5 Wong & Fan (2013)
Economic Sustainability D9, C3& F7 Interaction 4.4.6 Wang& Chong (2016)
Environment Sustainability D16 Interaction 4.4.7 Wang& Chong (2016);
Wong & Kuan (2014)
Interface management D10&D7 Interaction 4.4.8 Smith (2014)
Procurement& contract G7 Interaction 4.4.9 Barlish & Sullivan (2012)
Information flow via virtual model H3,5,8,9&D10 Interaction 4.4.10 Haron et al. (2010); Ezcan et al (2013); Lee et al.
quality& data Richness (2015); Popov et al. (2010); Sacks et al. (2010)
Value engineering 12 Interaction 4.4.11 Forgues et al. (2012)
Concurrent engineering 14 Interaction 4.4.12 Goulding et al. (2015)

The following sections discuss how these two techniques may interact constructively throughout a project.
4.3.1 Sequence/process management

The information-sharing capability in BIM will remove the issue of fragmentation between the different
parties involved in a project (Lu and Korman, 2010). The sequences of OSM-based projects include design,
order, component production, transfer and the installation process. As has been explained, BIM is capable
of improving construction supply chain management through an integration process. The effective
monitoring of resources is possible by linking and visually representing the process (Irizarry et al., 2013).
As Irizarry et al., (2013, p.241) claimed, providing the digital geographic information of a construction site
enables experts to sequentially keep track of the ‘flow of materials, availability of resources, and map of
the respective supply chains’. The manufactured components can also be deemed as the material in OSM-
based projects. This optimises the identification of manufactured components at the stocking and
dispatching stages.

4.3.2 Site allocation and accessibility

The virtual visualisation of objects provides the contractor a rapid and improved visual evaluation when
comparing the planned and actual specifications and allows easier identification of any failure in the arrival
of components. Thus, the placement of faulty and sound components is organised efficiently upon their
arrival (Vernikos et al., 2014). Organising and assigning space to every group of components via a virtual
space is more practical for organising the site in terms of accessibility to both the components and the
relevant area of the site (Trani et al., 2015).

4.3.3 Planning and scheduling

The manufacturer, as a part of the project team, is linked to the other parties, not only in the main planning
and scheduling of the project, but also in the case of any rapid changes. A collaborative environment and
information-sharing platform for ‘early decision-making’ (Bank et al., 2010) is the main capability of BIM,
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playing a dominant role in both the main planning/scheduling phase, and any correction planning/re-
scheduling.

4.3.4 Safety

Under effective management of the activities in a BIM—OSM project, all activities are optimally organised
and formulated, thereby reducing complexity, which results in fewer accidents. Modelling of the assembly
of the prefabricated components in BIM enables contractors to review the erection and positioning process
virtually, which may reveal any potential unobserved safety shortcomings (Irizarry et al., 2013). The
likelihood of falls (Zhang et al., 2013) and collisions due to plants operations in OSM-based projects is high
due to the dispatch and movement of components dispatch on the site. BIM is able to reveal the probable
fall situations from heights, identify the best access routes for plant operations, and offer lifting drawings
for crane activities, which will minimise the chances of reportable incidents (Zhang et al., 2010).

4.3.5 Social sustainability

BIM enables a constructive interaction between designers, manufacturers and contractors by offering
accurate information in terms of the units’ quality specifications and properties, which can be deemed as
comfort in the professional life (Wong & Fan, 2013). This reflects an easing in professional life, equivalent
to social sustainability.

4.3.6 Economic sustainability

Flexibility in an OSM-based project is highly limited once the units are transferred to the construction site.
Through the capability of clash detection and accurate data via BIM in an OSM-based project, the chance
of any extra activities required for rework is limited. Since any rework comes with excessive use of
workforce, equipment, plant and material removal and reuse, minimising the chance of rework satisfies the
aspects of material waste as well as work hours (Wang and Chong, 2016).

4.3.7 Environmental sustainability

Material usage is more efficient and accurate in a controlled environment. On the basis of an exact quantity
of material determined via BIM, both the chance of material waste and rework are minimised, satisfying
environment sustainability requirements (Wang & Chong, 2016). The construction site is more organised
once the job shifts from the factory to the construction site. In fact, the workspace is more efficient due to
the reduced number of activities required and the smaller workforce compared to a more congested
traditional construction site. The need for fewer trades working at the same time results in less noise and
less emissions from equipment. Reduced on-site activity also means more efficient energy consumption.
Thus, it can be claimed that BIM is effective from the point of view of environmental sustainability (Wong
& Kuan, 2014).

4.3.8 Interface management

BIM provides a constant communication line with the other parties, including designers, construction
contractors (Smith, 2014) and manufacturers that is accessible with no waiting time. Therefore, information
and data are exchangeable with manufacturers, as parties involved in a project, in the form of readable
formats consistent with BIM.
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4.3.9 Procurement and contracts

A BIM-based contract in an OSM-oriented project carries significant responsibility for the parties involved
in meeting the project requirements, from data production to executive operations, as fragmentation
between the design and delivery teams can be controlled at an early stage. No time is wasted on disputes to
identify the party responsible in case of errors or failures, as the organisational structure is clear. Also, in
the case of any changes, the manufacturer can be notified more rapidly due to the BIM information-sharing
platform, and the production line can be immediately modified to take the steps required for the change
because under a BIM model, the management of the drawing process and any technical review is more
rapid than with other techniques (Barlish & Sullivan, 2012). Thus, the determination of responsibility for
faulty components can be managed within the contract.

4.3.10 Information data flow through virtual model quality and data richness

The capacity of BIM to provide transparent and accurate specifications, as well as to share data, enables
the manufacturer to participate in the assembly guideline definition, indicating the exact procedures to
position manufactured components. This capability originates from ‘model quality and data richness’
(Haron et al., 2010). It enables the manufacturer to efficiently recognise all the parts of a component for the
purpose of assembly (Ezcan et al., 2013), which is important for contractors on the construction site. This
confers simple accessibility and easy observation of data and thus an effective data flow (Lee, Eastman, &
Lee, 2015) between the designers, the contractors and the manufacturers. In addition, under BIM the ability
to identify repetition enables designers and manufacturers to recognise more automation opportunities for
‘series production’, resulting in cost saving due to ‘virtual object-oriented design’ (Popov et al., 2010; Sacks
et al., 2010).

4.3.11 Value engineering

The effect of changes to manufactured components (constructability) can be assessed under a BIM model,
which also allows cost evaluations (Forgues et al., 2012) prior to any actions in the real project (feasibility
via VE). It can be claimed that VE is much more effective for VE than merely brainstorming via paperwork.
Therefore, VE is achievable in a BIM-OSM-based project.

4.3.12 Concurrent engineering

Concurrent engineering has been introduced to the industry as one of the techniques able to reduce project
process time through fast-tracking activities or running activities in parallel (Goulding et al., 2015). For
example, the components may be produced while site preparation is in progress. Concurrent engineering is
achievable within OSM-BIM projects on the assumption that any incompatibility of components would
disturb the fast-tracking plan (running activities in parallel) in OSM-based projects. By providing the exact
specifications for all components and continuous information-sharing and communication between the
designer, contractor and manufacturer, the chances of on-site rework efforts to rectify or adjust components,
as well as the chance of rejection of components, is minimised. Thus, the fast-tracking plan for concurrent
engineering is not hindered in OSM-BIM projects.
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5. Integrated Framework

This research has highlighted the interactions between OSM and BIM and their contribution to construction
performance in a broader sense, as well as to construction productivity in a narrow sense. It has justified
each capability of OSM and BIM independently, as well as the capabilities of the concurrent application of
OSM-BIM (OSM-BIM interactions), respectively. Figure 3 illustrates the integrated framework that leads
to improved overall project performance. It consists of three stages: input, process and output. At the input
stage, the data are derived from the capabilities of BIM and OSM that have the potential to interact with
each other. It shows that the concurrent application of the capabilities that have the potential for OSM-BIM
interactions (POBIs) can result in improved KPrls, subject to their systematic adoption. Systematic adoption
refers to the proper and concurrent practice of the techniques’ capabilities at both the design and the
construction stages. The improvement measures result in overall project performance. It is expected that
construction professionals can improve project productivity by considering the 12 KPrls through the
interactions of BIM and OSM (as shown in process stage). The KPrls may be addressed by interactions
through the optimisation of the work breakdown structure at the design and construction stages.
Subsequently, the technical specifications and contractual requirements can be formulated before the
construction stage so that these interactions can be applied.

Low productivity has always been one of the main challenges for the stakeholders in the construction
industry, particularly from the continuous improvement perspective. The proposed integrated framework
provides useful references to the potential productivity areas that need to be targeted in a project, and which
may help to achieve the highest level of project productivity and performance. It also promotes the effective
adoption of BIM and OSM in the future.
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6. Discussion and Conclusion

This research project has critically reviewed the literature in order categorise KPrls for construction
projects, and identified the indicators that can potentially be used to improve productivity and
performance via the capabilities of OSM and BIM, both independently and together. It has addressed
seven BIM-based capabilities and six OSM-based capabilities individually, as well as 12 POBIs
relevant for KPrls improvement from the productivity perspective. A scoping review was used to
identify these capabilities, and 100 journal articles were carefully analysed under four main research
categories: construction productivity/performance, BIM in construction, OSM in construction and
OSM-BIM interactions. This revealed the capabilities of the OSM and BIM techniques, and 12
potential interactions to achieve KPrls improvement within ten categories: company characteristics,
materials, labour, management, regulation, machinery, contract condition, information technology,
engineering and external circumstances.

The main advances of this critical review paper are: (a) the first systematic discovery of the 12 potential
interactions between OSM and BIM and their benefits in productivity improvement; and (b) the
integrated framework that addresses KPrls improvement at the design and construction stages. The
related previous studies have only briefly discussed the integration of BIM and OSM at a preliminary
stage of the building processes (Nawari, 2012), the management drivers (Vernikos et al., 2014), the
required BIM functionalities (Ezcan et al., 2013), and the potential benefits (Goulding et al., 2012;
Amanda et al., 2017). The identification of these interactions between BIM and OSM extends the
existing body of knowledge, especially for the effective implementation and management of OSM—
BIM-based projects. The productivity indicators identified as useful for improvement by OSM and BIM
can serve as a guideline and benchmark for organisations, which they can use to streamline their
resources and operations to enable them to achieve the desired outcomes of their projects. Moreover,
the findings of this paper are generalisable to both developed and developing countries.

However, certain limitations need to be considered, such as the exclusion of the latest publications in
the proposed four research categories, the lack of empirical research in recognising the degree of impact
and practicability of the OSM-BIM interactions, and for the prioritisation of each key productivity
indicator. Future research could investigate the complex cause-effect relationships between BIM and
OSM capabilities and their interaction. As a part of a larger research project, this paper will be followed
by statistical analysis using Structural Equation Modelling (SEM) to reveal the degree of practicability
of these interactions. A range of hypothesised interactions will be evaluated and judged by experienced
practitioners. The results of these investigations will be applicable to improving the planning and
managerial stages for productivity improvement in OSM-based projects. A case study would be
complementary to the current research to evaluate the practicability of the interactions and to uncover
potential barriers in the pathways of OSM-BIM-based projects.
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