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Abstract: Despite the extensively documented benefits of modular integrated construction (MiC), 14 
stakeholders continue to remain sceptical in its adoption due to the associated risks and uncertainties. The 15 
unique business model of MiC nurtures several risks and uncertainties different from those of the 16 
conventional construction approach. Although MiC is gaining attention with its market expansion, there is 17 
no systematic evaluation of the research progress. This research conducted a systematic review and 18 
synthesis of published studies on the risks of MiC from 1992 to 2019 inclusive. The analysis reveals that 19 
the research publications on risks of MiC witnessed a steady growth, with significant progress occurring in 20 
the last decade. This implies that the risk of MiC has gained more attention in the construction engineering 21 
and management domain in recent times. Existing empirical studies have focused more on perceived 22 
implementation risks; supply chain risks; schedule risks; investment risks; structural risks; ergonomic 23 
risks; and MiC risk management strategies, which indicates that MiC is associated with a host of risk 24 
events. The paper further identified the critical risk events (CREs) in the application of MiC based on 25 
frequency of occurrence. The identified CREs contribute to the checklists of risk events in the 26 
implementation of offsite construction, which may be useful in risk planning especially where the MiC 27 
market is still fledgling, and fewer or no bespoke risk assessment exist. The paper highlighted research gaps 28 
in existing studies and proposed areas for further studies. Thus, the paper makes a useful contribution to 29 
the scholarly literature on the risk of OSC and maybe useful to offsite construction researchers, industry 30 
practitioners, and project managers. 31 
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1. Introduction 33 

Industrialization of construction is pursued to address the manifold ill-performances of the 34 

traditional business model of the construction sector. Richard (2005) argued that industrialized 35 

construction could increase the efficiency and productivity of the construction industry like those 36 

of the manufacturing industry. Offsite construction (OSC) is one of the approaches to industrialize 37 

the construction sector. OSC is a construction production process which shifts preponderances of 38 

the trades in the traditional cast-in-situ construction (TCC) approach to an offsite factory, resulting 39 

in the fabrication of building components which are then transported to a construction site for final 40 

assembly and installation (Gibb 2001, Pan and Goodier 2012). Modular integrated construction 41 

(MiC) is a distinctive form of OSC where 80-95% of a whole building can be manufactured in an 42 

offsite factory environment (Smith 2016). MiC reduces construction time due to the concurrent 43 

offsite and onsite activities, minimizes labor cost owing to the stable factory labor force, quickens 44 

the learning curve due to the repetitive works (Murtaza et al. 1993), reduces project lifecycle cost 45 

(Blismas et al. 2006), improves project adaptability, supports change without demolition (Richard 46 

2005), reduces construction waste and water footprint  (Jaillon and Poon 2008, Jaillon et al. 2009), 47 

and reduces greenhouse gas emissions (Mao et al. 2013). Thus, MiC is considered a cleaner, 48 

innovative and sustainable construction approach (Quale et al. 2012).  49 

Due to these benefits, models of MiC are promoted in Australia, Canada, USA, UK, Singapore, 50 

Sweden, Korea, China, and Malaysia such as off-site manufacture, modular construction, prework, 51 

off-site production, prefabricated prefinished volumetric construction, industrialized housing 52 

construction, and industrialized building systems. However, MiC is associated with a unique 53 

supply chain, stakeholder composition, procurement model, engineering process and management 54 

requirement (Wuni, Shen, and Mahmud 2019) resulting in significant risks and uncertainties 55 

different from those of the TCC (Li et al. 2013). For instance, the application of MiC demands 56 

modular design, manufacturing, transportation, storage, and onsite installation. These segments of 57 

the MiC supply chain are currently fragmented but substantially interdependent, resulting in 58 

manifold uncertainties which could derail the success of MiC projects (Li et al. 2016). As these 59 

linked segments constitute nearly a fixed and unique linear sequence with minimal overlapping, 60 

disturbances in upstream segments may affect the continuity of downstream segments or the entire 61 
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supply chain (Wang et al. 2018a). For instance, too early delivery of modular components requires 62 

storage space whereas delays in the delivery of modules to the site may halt the entire installation 63 

process (Li, Hong, et al. 2018). Also, failure of modular production plants may directly translate 64 

into delays in modular delivery and a shortage of modular components on the construction site 65 

since third-party modular manufacturers cannot complement the deficit with different components.  66 

Again, problematic dimensional and geometric variabilities in modular elements in MiC 67 

projects abound and constitute recipes for defects and expensive reworks (Shahtaheri et al. 2017). 68 

According to the Bureau of Labor Statistics (Bureau of Labor Statistics 2009), construction 69 

workers in residential MiC projects in the United States are exposed to higher rates of injuries and 70 

risk of work-related musculoskeletal disorders (WMSDs), compared to the rates in the TCC. These 71 

uncertainties and risk events translate into barriers to the adoption of MiC as some of them are 72 

counterproductive to the benefits of the approach. Despite these uncertainties and risks events, 73 

MiC is gaining attention with its market expansion in the Architecture, Engineering, and 74 

Construction (AEC) industry. As risk is inevitable in construction projects (Baloi and Price 2003), 75 

there is a growing body of studies seeking to understand the risks and uncertainties associated with 76 

MiC. However, a systematic review of these empirical studies has not been well established, 77 

although it is essential to monitor the progress of studies on the risk of MiC and to bridge the gap 78 

between empirical studies, and practical risk management. Hosseini et al. (2018) conducted a 79 

scientometric review of studies on OSC and Li et al. (2014) offered a critical review of studies on 80 

the management of MiC projects. However, these studies were generic and offered very little or 81 

no documentation of the risks of MiC.  82 

Thus, this research conducts a systematic review and synthesis of empirical studies on the risk 83 

of MiC. Specifically, the study aims to: (1) examine the research publications trend on the risks of 84 

MiC, (2) identify the emerging salient research areas on the risk of MiC, (3) highlight the critical 85 

risks events (CREs) in MiC, (4) propose a risk breakdown structure of MiC, and (5) highlight the 86 

areas that require further studies. By doing so, the paper makes a useful contribution to the 87 

scholarly literature on OSC as it represents the first exclusive review and synthesis of studies on 88 

the risk of MiC. Particularly, the paper delineates the knowledge boundaries in existing studies, 89 
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highlights some research gaps and proffers directions for future studies. The paper highlights some 90 

critical risk events in MiC. These contribute to the checklists of the risk events in OSC and may 91 

be prioritized in the implementation of MiC, especially in countries where bespoke MiC risk 92 

assessment are not available. A risk breakdown structure is also developed to offer a bird’s eye 93 

view of the risk structure of MiC. As such, this paper is relevant to OSC researchers, developers, 94 

project managers, teaching staff, policymakers, and industry practitioners. The remainder of the 95 

paper is structured as follows. The next section offers an overview of MiC, followed by a 96 

description of the research methodology. The paper then offers discussions of the review findings 97 

and finally, draws logical conclusions based on the findings.  98 

2. Overview of modular integrated construction (MiC) 99 

Modular integrated construction (MiC) is a construction technique whereby “free-standing 100 

integrated modules (completed with finishes, fixtures, and fittings) are manufactured in a 101 

prefabrication factory and then transported to site for installation in a building” (Hong Kong 102 

Buildings Department 2018). Smith (2016) describes MiC as the most complete form of OSC. 103 

Based on the degree of modularization, Gibb (1999) describes the four (4) levels of MiC as 104 

components manufacture and subassembly (e.g. windows), non-volumetric preassembly (e.g. 105 

cladding panels), volumetric preassembly (e.g. toilet pods and complete modular building (e.g. 106 

modular home). Fig. 1 shows the major stages in the modular integrated construction process. 107 

 108 
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 116 

Fig. 1. Stages of the modular integrated construction process 117 

The supply chain of MiC can be simplified as modular design, engineering, manufacturing, 118 

transportation, storage (and/or buffer) and onsite installation (Li et al. 2016). These involve several 119 

stakeholders including main contractors, assembly subcontractors, manufacturers, suppliers, 120 

architects, engineers, site engineer, developers, housebuilders, designers, clients, consultants, 121 

academics, transporters, logistics managers, project coordinators, and local government (Li et al. 122 

2016, Bortolini et al. 2019). Nam and Tatum (1997) described these stakeholders as leaders and 123 

champions of construction innovation. These multidisciplinary practitioners and professionals 124 

have their unique goals and value systems within the MiC supply chain, engendering increased 125 

complexity in coordinating and managing the involved stakeholders in MiC projects (Luo et al. 126 

2019). 127 

MiC often follows the design for manufacturing and assembly (DfMA) philosophy (Hsu et al. 128 

2018), and engineer-to-order manufacturing process (Dawood 1995a, 1995b, Bortolini et al. 129 

2019). Typically, modular components are made-to-order and designed to be used exclusively in 130 

a specific project. As such, the quantity of each manufactured modular component is engineered 131 

to precisely match the optimum quantity demanded to complete the MiC project and thus, the 132 

inventory must return to zero at the end of the project (Hsu et al. 2018). Due to this, the onsite 133 

modular demand deficit cannot be satisfied by a third-party manufacturer. This unique production 134 

scheduling individuates the MiC supply chain from that of the TCC, resulting in layers of new 135 

uncertainties in the construction process. The resulting MiC project could be permanent or 136 

temporary (Smith 2016). However, the products are industrialized building systems rather than 137 

standardized buildings. Richard (2005) indicated that the goal of MiC is to manufacture 138 

industrialized building systems where the same details generate diversified and adaptable 139 

individualized buildings which can be situated in different areas. Models of MiC include 140 

prefabricated prefinished volumetric construction in Singapore, industrialized building systems in 141 
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Malaysia, and PPMOF- prefabrication, preassembly, modularization, and off-site fabrication in 142 

North America, etc.  143 

3. Research methods  144 

This paper adopted a pragmatist research paradigm to review empirical studies on the risks of MiC. 145 

The pragmatist stance allowed for the synthesis of both empirical qualitative and quantitative 146 

studies. In doing so, the systematic literature review (SLR) methodology was deployed. SLR is a 147 

powerful scientific method which adopts a systematic, and objective protocol in synthesizing 148 

knowledge on a subject (Webster and Watson 2002, Levy and Ellis 2006). Due to the organic 149 

attribute of literature, SLR is widely adopted to delineate the boundaries of scientific knowledge 150 

in the construction engineering and management (CEM) research domain (e.g. Wuni and Shen 151 

2019, Wuni, Shen, and Mahmud 2019). Similarly, this paper adopted the SLR to review studies 152 

on the risks of MiC based on a comprehensive methodological framework comprising systematic 153 

literature search, critical appraisal, meta-synthesis, and content analysis.  154 

3.1 Database selection and literature search 155 

An SLR must be underpinned by a thorough, and unbiased search for relevant studies (Evans 156 

2004). To ensure wider coverage of the relevant studies, this research initiated the search process 157 

by specifying databases rather than journals. As such, the most powerful CEM databases and 158 

libraries comprising Elsevier’s Scopus, Clarivate Analytics’ Web of Science, ASCE library, 159 

Engineering Village, Taylor and Francis, and Emerald Insight were examined to identify the one 160 

with the widest coverage. Preliminary searches revealed that preponderances of the articles were 161 

contemporaneously indexed in nearly all the databases, but Scopus had the highest coverage. Wuni 162 

et al. (2019) made a similar observation in a scientometric review. As such, Scopus was mainly 163 

adopted in the literature retrieval process. Prior to the search query in Scopus, synonyms for ‘risk’ 164 

and ‘MiC’ were extracted from the extant literature. The keywords were updated and refined 165 

throughout the review process to ensure the widest possible coverage. The implemented full 166 

Scopus search algorithm is shown below. 167 

(TITLE-ABS-KEY (risk OR hazard OR uncertainty OR uncertainties OR safety OR delay OR 168 

"cost overrun" OR "time overrun") AND TITLE ("offsite construction" OR "off-site construction" 169 
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OR "offsite production" OR "off-site production" OR "offsite manufacturing" OR prefabrication 170 

OR prefabricated OR prefab OR pre-fabricated) OR TITLE ("industrialized building system" OR 171 

"modular construction" OR modular OR “precast construction” OR "off-site fabrication" OR 172 

"prefabricated prefinished volumetric construction” OR "modern method of construction" OR 173 

"industrialized construction")) AND (LIMIT-TO (DOCTYPE, "ar") OR LIMIT-TO (DOCTYPE, 174 

"ip" )) AND (LIMIT-TO (LANGUAGE, "English")) AND (LIMIT-TO (SRCTYPE, "j"))  175 

Some of the keywords for MiC has been repeated in the algorithm but spelled differently 176 

because such spelling variations were observed during the review process. The algorithm is a 177 

structured but constrained search string. The Document type was restricted to “Article” and 178 

“Article in Press”; the Source type was restricted to only “journals” and the Language was limited 179 

to only “English”. These restrictions generated 1,164 Scopus records (as of 15 February 2019). 180 

These were screened to identify relevant articles. Also, the Scopus search was repeated 181 

immediately prior to submission (9 April 2019) to retrieve new relevant articles. As a result, three 182 

(3) additional articles were retrieved, evaluated and included. 183 

 184 
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Fig. 2. Flowchart of systematic search and article selection protocol 208 

 209 

3.2 Inclusion and exclusion criteria 210 

Wohlin (2014) noted that inclusion and exclusion criteria constitute the benchmarks used in an 211 

SLR for filtering the actual sample size from the universe of articles in search queries. As such, 212 

the research specified some inclusion and exclusion criteria to screen the articles. The inclusion 213 

criteria were: (i) the paper should be an empirical study on the risks of MiC, and (ii) published in 214 

a peer-reviewed journal. Conference papers were not included since they do not go through a 215 

rigorous peer-review process. Articles were selected based on metadata (title and abstracts) 216 

screening and full-text evaluations.  217 

Table 1. Bibliographic summary of the included studies 218 

S.N. Reference S.N. Reference 
1 Gustavsson et al. (1992) 28 Li, Shen, et al. (2017) 
2 Dawood (1995a) 29 Li, Zhong, et al. (2017) 
3 Dawood (1995b) 30 Li, Li, et al. (2017) 
4 Gibb and Neale (1997) 31 Love et al. (2017) 
5 Chiang et al. (2006) 32 Salama et al. (2017) 
6 Hassim et al. (2008) 33 Shahtaheri et al. (2017) 
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7 Polat (2008) 34 Jiang et al. (2017) 
8 Hassim et al. (2009) 35 Xue et al. (2017) 
9 Nahmens and Ikuma (2009) 36 Jiao and Li (2018) 
10 Blismas and Wakefield (2009) 37 Jiang et al. (2018) 
11 Kim et al. (2011) 38 Lin et al. (2018) 
12 Ikuma et al. (2011) 39 Li, Hong, et al. (2018) 
13 Kim et al. (2012) 40 Li, Xu, et al. (2018) 
14 Azman et al. (2013) 41 Havinga and Schellen (2018) 
15 Chiu et al. (2013) 42 Hwang et al. (2018) 
16 Li et al. (2013) 43 Ji et al. (2018) 
17 James et al. (2014) 44 Gan et al. (2018) 
18 Rahman (2014) 45 Hsu et al. (2018) 
19 Zhai et al. (2014) 46 Taghaddos et al. (2018) 
20 Mao et al. (2014) 47 Xue et al. (2018) 
21 Luo et al. (2015) 48 Wang et al. (2018a) 
22 Li et al. (2016) 49 Wang et al. (2018b) 
23 Segura et al. (2016) 50 Li et al. (2019) 
24 Adekunle and Nikolopoulou (2016) 51 Luo et al. (2019) 
25 Fard et al. (2017) 52 Wu et al. (2019) 
26 Hong et al. (2017) 53 Bortolini et al. (2019) 
27 Lee and Kim (2017) 54 Enshassi et al. (2019) 

Following a rapid screening of the 1,164 Scopus records, 125 articles were deemed valid for 219 

full-text evaluations. After the full-text evaluation, 38 articles were included. Fig. 2 is a flowchart 220 

of the article screening process.  Although the sample size (38) compares favorably with previous 221 

CEM reviews such as 16 (Newaz et al. 2018) and 32 (Saieg et al. 2018), the snowballing search 222 

strategy was adopted to further locate relevant articles.  223 

The ‘snowballing’ search strategy was adopted as Wohlin (2014) noted that the algorithm-224 

driven search string alone is not adequate due to the impracticality of specifying exhaustive 225 

keywords in the search string. Snowballing search refers to a strategy of using reference lists and 226 

citations of a paper to locate additional studies (Wohlin 2014). It involves searching the references 227 

(backward snowballing) and tracking the citations (forward snowballing) of an article to locate 228 

additional studies.  Based on the recommendations of Levy and Ellis (2006) and Wohlin (2014), 229 

the 38 articles constituted the sample set for the snowballing search. The authors conducted 230 

backward, and forward snowballing searches using these articles.  Given the iterative nature of the 231 
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snowballing search, Webster and Watson (2002) and Levy and Ellis (2006) suggested that the 232 

search should be aborted when: (i) new findings are not emerging from the newly retrieved articles, 233 

(ii) no different citations are discovered in the newly retrieved articles, and (iii) the articles cited 234 

in newly retrieved articles have been evaluated. Thus, the authors aborted the iterative search based 235 

on these realizations. This resulted in the inclusion of ten (12) additional relevant articles, 236 

increasing the actual sample size to 54. Table 1 shows a bibliographic summary of the included 237 

studies. 238 

3.3 Meta-synthesis and content analysis 239 

The paper adopted meta-synthesis as the organizing framework for extracting and integrating the 240 

metadata of the 54 empirical studies. Meta-synthesis is a mixed method of conducting SLR which 241 

draws on both qualitative and quantitative studies (Baker 2016). It starts with the specification of 242 

units of analyses and extraction of metadata (Finfgeld-Connett 2014). For each study, year of 243 

publication, journal name, research focus and limitations of the study were extracted and 244 

cataloged. These were organized into an excel file as a summary table based on the units of 245 

analyses. Webster and Watson (2002) described this summary table as a concept matrix augmented 246 

with units of analyses. A systematic approach was further used to cluster the studies into various 247 

research themes based on the emphasis of each study. This method is described as a content 248 

analysis (Finfgeld-Connett 2014). It provides an organizing framework to identify emerging trends 249 

from larger volumes of literature. The content analysis formed the basis of identifying the main 250 

research topics in previous studies and was relied upon in developing the current and future 251 

research framework. 252 

4. Review findings and discussions   253 

4.1 Annual research publications trend on the risks of MiC  254 

The articles included in the review spanned from 1992 to 2019, although there was no ‘date range’ 255 

restriction during the search. This suggests that risk of MiC has been recognized in the CEM field 256 

since the last three decades. Fig. 3 shows the annual research publications trend on the risks of 257 

MiC from 1992 to 2019. No trend is observed between 1992 and 2009 since an average of 1 article 258 

was published annually. However, the period 2009-2019 recorded a steady growth of publications 259 

on the risks of MiC. Notably, the highest number of articles (14) was recorded in 2018. This is 260 
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expected because the last decade witnessed a renaissance of the OSC movement and a concomitant 261 

renewed commitment to the promotion of MiC in many countries (Wuni and Shen 2019). The 262 

rising trend suggests that the risk of MiC is gaining increasing research attention in the AEC 263 

industry (Li et al. 2014). As such, this study is timely and useful because when risks become 264 

reality, they can derail the performance of MiC projects (Baloi and Price 2003, Jiang et al. 2018). 265 

 266 
Fig. 3. Annual publications trend on the risk of MiC from 1992 to 2019 inclusive 267 

 268 

4.2 Journal distribution of the included studies 269 

The included studies were published in 27 journals. Table 2 shows the journals with publications 270 

on the risk of MiC. It is useful to highlight the active journals involved in the publication of studies 271 

on the risk of MiC as this will offer a cursory view of the quality of studies included in the review. 272 

These journals may also serve as a reference point to researchers when deciding to submit future 273 

studies on the risks of MiC for publication. Of twenty-seven journals, nine contributed at least 2 274 

articles. These included Journal of Cleaner Production (20.4%), Automation in Construction 275 

(13.0%), Journal of Management in Engineering (7.4%), Building and Environment (5.6%), 276 

Journal of Construction Engineering and Management (5.6%), Journal of Architectural 277 
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Engineering (3.7%), Journal of Civil Engineering and Management (3.7%), Construction 278 

Management and Economics (3.7%) and Sustainability (3.7%). These journals cumulatively 279 

published 36 (66.7%) of the 54 included studies. The rest of the journals contributed 1 article each 280 

and collectively contributed 18 (33.3%) of the included studies. Owing to the environmental 281 

friendliness of MiC (Quale et al. 2012, Mao et al. 2013), it is not surprising that a superior 282 

contribution is made by the Journal of Cleaner Production since sustainability is one of its core 283 

missions. 284 

Table 2. Active journals on the risk of MiC studies 285 

Name of Journal Number of Articles (N=52) 
Journal of Cleaner Production 11 
Automation in Construction 7 
Journal of Management in Engineering 4 
Building and Environment 3 
Journal of Construction Engineering and Management 3 
Journal of Architectural Engineering 2 
Journal of Civil Engineering and Management 2 
Construction Management and Economics 2 
Sustainability (Switzerland) 2 
Construction innovation 1 
American Journal of Applied Sciences 1 
American Journal of Industrial Medicine 1 
Applied Sciences (Switzerland) 1 
Applied Ergonomics 1 
Archives of Civil Engineering 1 
Buildings 1 
Canadian Journal of Civil Engineering 1 
Engineering, Construction and Architectural Management 1 
Ergonomics 1 
European Journal of Social Sciences 1 
Habitat International 1 
International Journal of Advanced Manufacturing Technology 1 
International Journal of Injury Control and Safety Promotion 1 
Lean Construction Journal 1 
Journal of Performance of Constructed Facilities 1 
KSCE Journal of Civil Engineering 1 
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Soil Dynamics and Earthquake Engineering 1 

Also, MiC improves possible automation in the construction process (Richard 2005, 286 

Shahtaheri et al. 2017) and thus, it is justifiable that a relatively higher number of the articles have 287 

been published in Automation in Construction. Finally, articles related to ergonomic exposure and 288 

risks of WMSDs (Kim et al. 2011), low back injury (Kim et al. 2012) and safety of construction 289 

workers in MiC projects (Fard et al. 2017) were published in journals such as Ergonomics, Applied 290 

Ergonomics, and the International Journal of Injury Control and Safety Management, 291 

respectively. 292 

4.3 Analysis of the salient research topics in existing studies  293 

It is recognized that the classification of studies into major research areas is subjective However, 294 

it was observed that preponderances of the studies identified, and assessed risk events in MiC. The 295 

main difference in the studies was the category of risks the authors investigated. As such, it was 296 

deemed prudent to cluster the studies based on the forms of risks.  Although useful, the 297 

classification is for reference only. Some articles discussed more than one identified theme and in 298 

such a case, the paper is discussed according to the best-fit research area. The content analysis 299 

revealed seven major research themes: (i) implementation risks, (ii) supply chain risks, (iii) 300 

schedule risks, (iv) investment risks, (v) structural risks, (vi) ergonomic risks, (vii) risks 301 

management strategies. Table 3 shows the seven major themes, the associated sub-themes and 302 

percentages of the articles addressing each theme. 303 

4.3.1 Implementation risks 304 

MiC is considered innovation because it involves significant changes to the traditional project 305 

design, procurement, scope and interfaces of the construction process (Slaughter 1998). These 306 

changes introduce new layers of uncertainties in the construction process and expose decision 307 

makers to new challenges (Luo et al. 2015). As an innovative technology, MiC is facing significant 308 

resistance from industry practitioners as it requires changes to entrenched construction practices 309 

(Lovell and Smith 2010). Studies have shown that MiC is stereotyped by stakeholders as a risky 310 

approach owing to the perceived increased complexity in project delivery resulting from the 311 

manifold trades and stakeholders to be coordinated (Lovell and Smith 2010, Xue et al. 2018). 312 
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Hassim et al. (2008) found that contractors in Malaysia associated the perceived riskiness of MiC 313 

to insufficient experience, design complexity, and contractor performance failure. 314 

Table 3. Percentages of paper addressing the seven major research themes 315 

Research 
theme 

Sub-themes  % of 
papers 

Implementation 
risks 

MiC adoption risks; risks perceptions; sources of risks; 
implementation uncertainties; perceived barriers; project failures; 
MiC project management problems 

9 

Supply chain 
risks 

Stakeholder management risks; fragmented and complex network 
of stakeholders; complex coordination of supply chain stages; 
supply chain management constraints; complexity in optimal 
supply chain configuration; supply chain disturbances 

19 

Schedule risks MiC project delays; modular components delivery delays; 
scheduling uncertainties; schedule delays risk events; components 
assembly challenges 

10 

Investment 
risks 

Higher setup capital; longer break-even periods; market demand 
for modular homes; volatile economic conditions; public 
consumption habits 

6 

Structural risks Complexity in structural design for high risk MiC projects; 
structural integrity issues; vertical connections of modular 
components; complex multi-interfaces; dimensional and geometric 
tolerances; multi-hazard design; stable seismic performance; 
structural resilience; gravitational load of floor slabs; 
eccentricities; deterioration of components; dampness 

13 

Ergonomic 
risks 

Health and safety of factory workers; fall injuries; low back pains; 
awkward working postures; spinal comprehensive and shear 
forces; fatigue; work-related musculoskeletal disorders 

15 

Risks 
management 
strategies 

Time and space hedging; integrated building information 
modelling platforms; smart construction monitoring; integrated 
project delivery; stakeholder collaborative management; optimal 
supply chain configuration; tolerance risk management; automated 
ergonomic risk management; lean production and management 

29 

Hassim et al. (2009) further reported that work changes, defective design, changes in government 316 

regulation, contractor inexperience, and payment problems represent the top five (5) sources of 317 

risks in MiC in Malaysia. Some of these risk perceptions (e.g. complex project delivery) may be 318 

due to inexperience and insufficient knowledge of the MiC business model because the goal of the 319 



15 
Please Cite As: Wuni, I.Y., Shen, G.Q. and Hwang, B. (2020), “Risks of modular integrated 
construction : A review and future research directions”, Frontiers of Engineering Management, 
Vol. 7 No. 1, pp. 63–80. 

 

approach is to simplify the construction process (Richard 2005). Notwithstanding, Nussbaum et 320 

al. (2009) opined that due to the complex parade of trades, and the extensive fragmented discrete 321 

events, MiC is associated with manifold risks and uncertainties. Luo et al. (2015) reported that 322 

poor cooperation between multi-interface, inadequate design codes and standards, lack of best 323 

management practices, higher initial capital cost, and lack of quality monitoring mechanisms 324 

constitute the five (5) critical risk factors that breed the reluctance to adopt MiC in China. As the 325 

MiC industry is still fledgling in some countries (e.g. China), Jiang et al. (2018) found that failure 326 

of demonstration projects, limited capacity of modular manufacturers and inexperience account 327 

for the perceived riskiness of MiC. Essentially, these risk perceptions make MiC unattractive to 328 

stakeholders.  329 

4.3.2 Supply chain risks 330 

The supply chain of MiC involves modular design, manufacturing, transportation, storage, and 331 

onsite assembly. These linked segments are currently fragmented, resulting in uncertainties at each 332 

level of the continuum (Li et al. 2013). Hwang et al. (2018) stated that the application of MiC 333 

requires extensive coordination of the supply chain segments and involved stakeholders prior to 334 

and during the construction process. As such, several decisions and trade-offs are made under 335 

uncertainties at various segments of the supply chain. At the initial design phase, the justification 336 

to apply MiC in a project is grounded on multiple factors, which are also project and context-337 

dependent (Murtaza et al. 1993). For example, the decision to adopt MiC in the One Ludgate Place 338 

in London was based on cost, time, past experience, design, structural interface, weather joints, 339 

performance tests, site logistics and safety (Gibb and Neale 1997) whereas a decision to apply MiC 340 

in a power plant project was based on plant location, labor, environmental consideration, project 341 

characteristics and risk profile (Murtaza et al. 1993). These differences in decision factors 342 

introduce bespoke uncertainties, which are unique to a project during the feasibility and economic 343 

analysis. Meanwhile, these decisions at the conceptual design stage of MiC projects are 344 

indispensable because changes are obscure to implement during construction (Shahtaheri et al. 345 

2017). 346 
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Again, modular manufacturing operations are often based on engineer-to-order owing to the 347 

uniqueness of each MiC project (Bortolini et al. 2019). The bidding decisions of modular 348 

manufacturers require a precise valuation of the optimal mark-up on price based on design and 349 

production planning of every MiC project (Dawood 1995a). Such decisions are made in the context 350 

of uncertainties. Even the selection of a location for a modular production factory depends on 351 

multiple factors such as costs, transportation, land accessibility, availability of raw materials and 352 

infrastructure (Azman et al. 2013). Essentially, the optimal configuration of the entire supply chain 353 

is required to minimize extreme uncertainties, disruptions, and disturbances during the 354 

construction process (Shahtaheri et al. 2017). As modular components are specific to a project and 355 

made-to-order, logistical planning in MiC must ensure that the quantity of components produced 356 

in a factory precisely match the onsite modular demand, allowing the inventory to become empty 357 

on completion of the project (Hsu et al. 2018). This unique scheduling and procurement 358 

configuration require the consideration of multiple schedule deviation factors and disturbances 359 

along the entire supply chain. Owing to the interdependences of the supply chain segments (Li, 360 

Hong, et al. 2018), disturbances within one segment could compromise the reliability of the entire 361 

supply chain. For instance, modular production system failure, and defects in modular components 362 

may halt the onsite installation process, especially when there is no safety stock (Wang et al. 363 

2018a). The impacts of these supply chain disturbances are pronounced because their causes 364 

cannot be anticipated until they occur (Wang et al. 2018a). 365 

Furthermore, the MiC supply chain is dominated by multidisciplinary stakeholders such as 366 

designers, architects, engineers, manufacturers, transporters, logistics managers, main contractors, 367 

assembly subcontractors, site engineers, project managers and local government (Li et al. 2016, 368 

Bortolini et al. 2019). Each practitioner or stakeholder has an exclusive motive and value system 369 

within the supply chain. Coordination of the interests and value systems of the multiple involved 370 

parties introduces new layers of uncertainties and risks in the construction process (Li, Shen, et al. 371 

2017). The fragmented and complex MiC stakeholder composition may result in poor resources 372 

planning and scheduling, workflow control, and information sharing among project stakeholders 373 

(Luo et al. 2019). For instance, the separate dominance of different stakeholders in the planning 374 

and control of each of the linked supply chain segments may increase the lead time of MiC projects 375 



17 
Please Cite As: Wuni, I.Y., Shen, G.Q. and Hwang, B. (2020), “Risks of modular integrated 
construction : A review and future research directions”, Frontiers of Engineering Management, 
Vol. 7 No. 1, pp. 63–80. 

 

(Bortolini et al. 2019). Again, failure in upstream segments of the supply chain has detrimental 376 

implications on the reliability of downstream segments.  377 

4.3.3 Schedule risks  378 

Project delay occurs when a completion date of a project extends beyond the stipulated contractual 379 

duration (Assaf and Al-Hejji 2006). project delays are inevitable in the construction sector (Egan 380 

1998). Ji et al. (2018) found that inadequate worker experience, inefficient modular components 381 

connection, poor stakeholder management, and low productivity constitute some of the most 382 

critical causes of delays in MiC projects. It should be reiterated that schedule delays constitute one 383 

of the causes of MiC project delays (Li, Hong, et al. 2018). As modular components are made-to-384 

order, modular production often requires job shop scheduling to optimize the allocation of 385 

resources and facilitate timely modular delivery (Dawood 1995b). However, job shop scheduling 386 

is sensitive to fluctuations in sales, cost, and volume of modules, cost of changeovers, margins of 387 

profit and curing time (Dawood 1995b). These also depend on modular plant characteristics, 388 

attributes of modules, scheduling shift patterns, demand forecast, and dispatch information (ibid). 389 

These nurture multiple uncertainties and risks in the modular scheduling process. Beyond the 390 

scheduling stage, there are several events which may cause schedule delays in MiC projects. For 391 

instance, wind disruptions resulted in 18 days lost time during the installation of complex 392 

prefabricated cladding in the One Ludgate Place in London (Gibb and Neale 1997). 393 

Similarly,  Hsu et al. (2018) found that weather disruptions, delays in modular delivery, and 394 

crane failure resulted in significant schedule delays in MiC projects in the UK. Moreover, design 395 

information gap between designer and manufacturer, inefficient design approval, ineffective 396 

design data transition, inefficient verification of modules, delays in modular delivery, low 397 

information interoperability between different information management tools, modular installation 398 

errors and tower crane malfunction were found to be the most critical schedule delay risk factors 399 

in residential MiC projects in Hong Kong (Li et al. 2016, Li, Shen, et al. 2017, Li, Hong, et al. 400 

2018). These information and stakeholder-driven risk events resulted in 200-300min delays in the 401 

six-day cycle assembly of MiC projects in Hong Kong (Li, Xu, et al. 2018). Although the schedule 402 
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risk factors may differ across projects and regions, the review reveals that there a host of events 403 

which could trigger schedule delays in MiC projects.  404 

4.3.4 Investment risks 405 

The application of MiC in a project requires reliable production and supply of modular 406 

components. Thus, the adoption of MiC in a country requires significant investment from 407 

stakeholders. Huge capital is required to purchase land for the offsite factory, the manufacturing 408 

plant, production equipment, raw materials, and labor (Zhang et al. 2014). The capital-intensive 409 

profile of MiC exposes investors to manifold uncertainties and risks, as it could take several years 410 

to break-even. Studies have identified some MiC investment risk factors. Li, Li, et al. (2017) found 411 

that high price of modular components, conservative public consumption habit, inadequate 412 

modular codes and lack of cutting-edge modular production technologies constitute the most 413 

critical investment risk factors in China. Li et al. (2013) found that volatile economic conditions 414 

and sociopolitical climate are the most important investment risk factors in Canada. Lee and Kim 415 

(2017) identified insufficient modular design expertise, poor cost estimation, unstable modular 416 

production rate, and errors in structural designs to be the most critical cost-increasing risk factors 417 

in MiC projects in Korea. Essentially, critical investment risk factors differ across countries and 418 

projects. However, the findings suggest that MiC is associated with a host of investment risk 419 

factors. Particularly, it may take a relatively longer period for investors to break-even or achieve 420 

commensurate returns on the higher initial capital investment, especially in countries where the 421 

MiC market is at the fledgling stage (Dawood 1995b, Richard 2005).  422 

4.3.5 Structural risks 423 

Climate change-driven hazards such as typhoons, earthquakes, progressive collapse, landslides, 424 

cyclones, flooding, and severe marine environment is changing the structural requirement of 425 

construction projects (Lin et al. 2018) and have spurred research on structural risks of projects in 426 

the construction and civil engineering domain. The higher complexity in structural design for high-427 

rise MiC projects which can accommodate strong wind load constitutes a significant challenge in 428 

high-density cities and neighborhoods (Wuni, Shen, and Mahmud 2019). Meanwhile, the structural 429 

integrity of MiC projects is paramount to overcome the historic stigma of prefabricated buildings 430 
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such as the 1968 collapse of the 22-story Ronan Point Apartment Tower in East London. Structural 431 

integrity and operational capability of MiC projects have an influence on cost, quality and clients’ 432 

satisfaction (Shahtaheri et al. 2017). However, due to the complex multi-interfaces in MiC 433 

projects, intolerances of modular components engender defects in MiC projects and render them 434 

vulnerable to structural failure (Gibb and Neale 1997, Shahtaheri et al. 2017). 435 

Shahtaheri et al. (2017) noted that amid the precise methods of modular production (e.g. 3D 436 

fixturing, laser cutting, robotic assembly, etc.) and cutting-edge modular inspection technologies 437 

(e.g. laser scanning), problematic dimensional and geometric variabilities abound in MiC projects 438 

owing to modular geometric conflicts during production; and between modules & site interfaces. 439 

Additionally, incompatibility between process capabilities and desired levels of tolerance trigger 440 

a significant challenge in dealing with the excessive geometric variability risks in modular 441 

components and assembly (Enshassi et al. 2019). The accurate specification of allowable 442 

tolerances in MiC projects is indispensable because imprecision may result in less clemency 443 

between manufacturing and onsite erection tolerances (ibid). Dimensional and geometric 444 

tolerances in MiC are sensitive to modular production errors, the variability of components, 445 

measurement imprecision and discrepancies between modular interfaces and thus, failure to 446 

specify allowable variability and control tolerances could incubate an obligatory need for reworks 447 

(Shahtaheri et al. 2017). Existing geometric variability management practices mostly involve trial 448 

and error solutions, ad hoc strategies, and the application of strict tolerances which have often 449 

resulted in quality problems, schedule delays, budget overrun and increased site-fit reworks 450 

(Shahtaheri et al. 2017, Enshassi et al. 2019). Optimum geometric variability solution may require 451 

the combination of both relaxed and strict tolerance approaches to minimize quality and 452 

problematic dimensional tolerances (Enshassi et al. 2019). 453 

  During the onsite assembly process of multi-story MiC projects, there are potential events 454 

which may breed detrimental eccentricities. Construction errors and a gravitational load of floor 455 

slabs are recipes for eccentricities which could complicate the installation of upper floors (Hong 456 

et al. 2017). These complications translate into low productivity, schedule delays, and cost 457 

overruns. Thus, the selection of an effective modular connection method is required to avoid 458 
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eccentricities. Lin et al. (2018) noted that the structural performance and safety of high-rise MiC 459 

projects could be enhanced if they are designed to be multi-hazard resistant. Of critical 460 

considerations are seismic actions and progressive collapse (Chiu et al. 2013, Lin et al. 2018). The 461 

multi-hazard design (structural seismic + progressive collapse design) is required to resist lateral 462 

forces from seismic actions and unbalanced vertical loads induced by localized failure (Lin et al. 463 

2018). The multi-hazard MiC project should achieve stable seismic performance, structural 464 

resilience and infinitesimal deformation following hazards (ibid).  465 

Also, studies have explored the structural risk of MiC projects at the operations stage. Segura 466 

et al. (2016) reported that a cooling tower for a thermal power plant constructed of precast concrete 467 

suffered a severe deterioration within 3 years of its service-life following a severe exposure to 468 

marine conditions. Although the early deterioration was associated with the wetting-drying cycles 469 

and chloride-induced corrosion, it demonstrates the potential weaknesses of MiC under severe 470 

marine conditions. Adekunle and Nikolopoulou (2016) found that 67% of 116 modular (timber) 471 

houses in the UK suffered poor indoor thermal conditions and summertime overheating. 472 

Apparently, the low thermal mass of timber exposes such houses to the risk of summertime 473 

overheating. Havinga and Schellen (2018) reported mold growth and condensation in 144 Airey 474 

houses in the UK amid internal insulation. This highlights the need to carefully select insulation 475 

materials for panelized residential MiC projects to prevent early deterioration. Jiao and Li (2018) 476 

also reported severe dumpiness in the external walls of MiC projects in China.       477 

4.3.6 Ergonomic risks 478 

The construction industry is one of the most dangerous sectors which expose its workforce to 479 

several health threats due to falls, and awkward working postures (Newaz et al. 2018). Thus, a 480 

higher incidence of fall injuries, low back pains, and risk of WMSDs are common among 481 

construction workers (Bureau of Labor Statistics 2009, Valero et al. 2016). Owing to the controlled 482 

factory environment, reduced onsite activities, fewer construction workers on site and the 483 

minimized requirement to work from heights, MiC improves the safety and health of construction 484 

workers (Blismas et al. 2006, McGraw Hill Construction 2013). In a survey, the majority of 485 

general and specialty contractors in the UK indicated that MiC improves the safety performance 486 
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of projects (McGraw Hill Construction, 2013). However, the Bureau of Labor Statistics (2017) 487 

reported that the total injury and incidence rates (10.2 per 100 workers) were higher in 488 

manufactured housing compared to the rates (5.2 per 100 workers)  in the onsite residential 489 

construction and both of which were above the 4.2 per 100 workers national average of the United 490 

States (US). In lean construction parlance, poor safety constitutes a significant cost due to human 491 

suffering, worker’s compensation cost, lost productivity and higher employee turnover (Nahmens 492 

and Ikuma 2009). 493 

Different construction workers are exposed to safety risks at various segments of the MiC 494 

supply chain. Gustavsson et al. (1992) reported that 16 of 1068 workers exposed to artificial 495 

mineral fibers, asbestos, combustion fumes from furnaces and arsenic in a Swedish manufactured 496 

housing factory died of lung cancer. In the US, construction workers in a modular home 497 

manufacturing plant sustained several injuries following exposure to sawdust, excessive noise and 498 

volatile organic compounds and forceful exertion during cutting and assembly of heavy 499 

components (Ikuma et al. 2011). Similarly, Kim et al. (2011) found that construction workers were 500 

subjected to awkward working postures during the erection of prefabricated panelized wall 501 

systems as they exceeded their action limits for spinal comprehensive (34%) and shear forces 502 

(77%).  503 

These ergonomic exposures and biomechanical risk events abound because construction 504 

workers still engage in the manual (team) handling of modular components such as wall panels in 505 

residential MiC (Kim et al. 2012). Although manual team handling is appropriate where 506 

mechanical aids are unfeasible, the heavy masses of modular components engender risks to the 507 

safety of the workers. Nussbaum et al. (2009) found that residential carpenters in the manufactured 508 

housing in the US were involved in the lifting, carrying and erecting panelized walls in the range 509 

of 1.2-6.0m wide and about 250kg. This exposed the workforce to fall injuries, arm, lower and 510 

upper back pains (ibid). Similarly, Fard et al. (2017) found that out of 125 accidents during 511 

modular production and onsite installation, fatalities (38.4%), hospitalized injuries (50.4%) and 512 

non-hospitalized injuries (11.2%) resulted from ‘falls’, being struck by a tilt-up roof, falls from 513 

roofs, and being struck by objects during hoisting and rigging of large items. Essentially, the 514 
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manual handling and operations during modular production and on-site assembly are the recipes 515 

for the safety risks. Hsu et al. (2018) found that construction workers in the UK reported severe 516 

fatigue as they manually inspected, unpacked, lined-up, unfastened, screwed, welded modules and 517 

enabled crane lift upon the arrival of modules to a construction site. 518 

4.4 Critical risk events (CREs) in the implementation of MiC 519 

Following risk identification and assessment, the next level on the risk management hierarchy 520 

is risk prioritization (Project Management Institute 2017). Risk events abound in MiC projects, but 521 

their impact varies. It is just not economical and practical to deal with all risk events and thus, risk 522 

management often prioritizes the (critical) risk events as they can derail the performance of 523 

projects.  Critical risk events (CREs) are the risk events with the most ‘violent or aggressive’ 524 

impact on MiC project’s objectives. Table 4 shows the nineteen most cited risk events. The study 525 

recognizes that a quantitative assessment is required to identify the CREs and that the CREs would 526 

differ across countries and projects. However, the CREs in this paper represent risk events which 527 

were frequently cited and reported in the literature. The frequency column of Table 4 depicts the 528 

number of articles that reported the associated risk event. These were extracted and synthesized 529 

whiles conducting the full-text evaluation and review of the included studies. The rank of each 530 

individual risk event is based on the number of times (frequency) it was cited in the literature.   531 

Table 4. Critical risk events in the application of MiC 532 

Critical risk event Freq. Rank 
Delay in modular components delivery 9 1 
Supply chain disruptions and disturbances 9 1 
Inefficient scheduling 8 3 
Defects in design, change order and change in project scope  7 4 
Complex stakeholder composition 6 5 
Crane breakdown and malfunction 6 5 
Insufficient information coordination among project participants 6 5 
Modular installation error 6 5 
Weather disruptions 6 5 
Exposure to fumes, noise and toxic compounds in modular production plant 5 10 
Flexing, warping, and damage from transportation and handling 5 10 
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Manual inspection, unwrapping, lining-up, unhooking, screwing and welding of 
modular components 

5 10 

Modular production materials and components shortages 5 10 
Insufficient capacity of modular manufacturers and suppliers 4 14 
Complex interfacing between modules 3 15 
Geometric conflicts between components during manufacturing and between 
modules & site interfaces 

3 15 

Longer distance between modular production plant and construction site 3 15 
Dimensional and geometric variabilities 3 15 
Modular production system failure 2 18 

4.5 Risk Management Strategies  533 

Several studies proposed strategies to avoid, reduce or mitigate the impact of some of the MiC risk 534 

events discussed in the previous sections. However, it is useful to present a risk structure of MiC 535 

prior to synthesis of the risk management strategies. One useful tool in facilitating the 536 

comprehensive management of risk is the Risk Breakdown Structure (RBS). RBS depicts a 537 

hierarchical structure of the risks associated with a project. Fig. 4 shows the RBS of MiC based on 538 

the review. For simplicity, only two levels are presented. The aim is to illustrate the risk associated 539 

with the approach and its business model. The various proposed risk management strategies in the 540 

extant literature are discussed below. 541 

Towards addressing the supply chain and schedule risk events, Zhai et al. (2015) proposed lead-542 

time (T), space (S) and L+S hedging techniques to create a buffer against unforeseen delays, 543 

upstream supply, and modular delivery uncertainties. These hedging techniques are aimed at 544 

improving the reliability of modular supply to reduce schedule delays. However, as modules are 545 

made-to-order (Bortolini et al. 2019), advance production, transshipping, and dual sourcing 546 

components in MiC is less feasible due to its relatively fixed supply chain once scheduled 547 

(Shahtaheri et al. 2017). Li, Zhong, et al. (2017) demonstrated how radio frequency identification 548 

(RFID) and building information modeling (BIM) could manage and mitigate schedule risk events. 549 

They proposed an RFID-enabled real-time BIM platform which integrates all relevant stakeholders 550 

in the MiC supply chain to allow for information sharing. The platform allows for real-time 551 

information interoperability, visibility, traceability, and exchange. Thus, it facilitates proactive risk 552 
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management because stakeholders can monitor progress at all levels and could initiate timely 553 

measures to control latent events which could cause schedule delays (Li, Shen, et al. 2017).  554 

However, these information-driven strategies must move in tandem with other strategies to 555 

improve schedule performance. Wu et al. (2019) proposed the adoption of the integrated project 556 

delivery (IPD) (e.g. design-build model) model to diffuse the fragmentation of the MiC supply 557 

chain and stakeholders since IPD demands multi-stakeholder collaboration (e.g. design-build 558 

team). Stakeholder collaborative management is found to have a positive influence on the cost 559 

performance of MiC projects (Xue et al. 2018). Bortolini et al. (2019) found that collaborative 560 

planning enhances logistics management. Additionally, Hsu et al. (2018) proposed an optimal 561 

supply chain configuration to account for onsite modular demand variations. The model aims to 562 

reduce production, operational and penalty cost through the determination of the optimal supply 563 

chain configuration based on all possible demand profiles. The optimal configuration makes a 564 

warehouse an obligatory buffer and decoupling unit between the modular manufacturing plant and 565 

the construction site (Hsu et al. 2018).  566 

Towards improving the engineer-to-order manufacturing process, Wang et al. (2018b) proposed 567 

an optimization of the modular production scheduling based on operational uncertainties such as 568 

‘process-waiting time on the flow of work’, processing time uncertainty and resources constraints.  569 
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• Insufficient experience in MiC projects 
• Inadequate MiC design codes and standards 
• Lack of best management practices and experiences 
• Lack of a quality monitoring mechanism 
• Massive dominance of traditional construction, etc. 

 

• Design information gap between designer and 
manufacturer 

• Logistics information inconsistency 
• Complex stakeholder composition 
• Insufficient capacity of modular manufacturers 
• Supply chain disruptions and disturbances, etc. 

 

• Distance between the installation site and the module 
production factory 

• Delay in the delivery of modules 
• Design change, installation error of modules & 

reworks 
• Tower crane breakdown and maintenance 
• Weather disruptions such as wind, typhoons, etc 

• Economic, political and social condition 
• Lending rate, currency fluctuation and inflation 
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Fig. 4. Risk breakdown structure of modular integrated construction 601 

The optimization aims at generating minimal manufacturing cost, timely delivery of modules 602 

and minimal resources wastage (Wang et al. 2018b). Taghaddos et al. (2018) also demonstrated 603 

how effective planning, selection, and optimization of crane configurations and lifting options 604 

improve the time, cost and safety performance of an industrial project in Alberta, Canada. As such, 605 

optimization at every stage of the supply chain could improve the schedule and cost performance 606 

of MiC projects. 607 

In the context of structural risk, studies have proposed ways of minimizing dimensional 608 

intolerances. According to Salama et al. (2017), modular manufacturers should select an optimized 609 
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configuration of modular components based on the limitations of onsite connection, transportation, 610 

and weight. The aim is to minimize the intolerance during modular production.  For managing the 611 

accumulated effects of dimensional and geometric variability in MiC, Shahtaheri et al. (2017) 612 

proposed an approach of combining project risk and structural analysis (risk-based framework) to 613 

determine a Pareto-optimal structural assembly configuration with the lowest amalgamated cost 614 

of modular production and project risk. This framework is crucial at the planning and design phases 615 

of MiC as it allows for an informed trade-off to be made between modular production costs, 616 

transport cost, cost of reworks and safety of construction workers. Enshassi et al. (2019) proposed 617 

a systematic risk management framework to proactively manage the persistent geometric 618 

variability risks in MiC projects. The proposed framework offers decision support that allows for 619 

quantitative evaluation of modularization risks, uses either a strict or relaxed tolerance approach 620 

to identify optimum geometric variability, and generates an optimal selection of mitigation 621 

strategy-based on tolerance theory. 622 

Moreover, some studies investigated the mitigation strategies for ergonomic exposure and 623 

safety risks. Li et al. (2019)  developed ErgoSystem; an automated post-3D visualization system 624 

which supports worker-friendly workplace design based on automated ergonomic risk assessment. 625 

The system automatically assesses ergonomic exposures and allows for changes to be made to the 626 

factory layout to prevent ergonomic exposures. Nussbaum et al. (2009) proposed that panelized 627 

wall designers should eliminate ergonomic risk by incorporating ergonomic principles into the 628 

design of the wall systems. Fard et al. (2017) proposed that injuries could be minimized through 629 

stabilization of structures during lifting, storing, and permanent installation; securing fall 630 

protection systems during modular assembly while working from heights; and developing safety 631 

management initiatives in MiC projects. Studies have also investigated how a lean philosophy can 632 

minimize safety risks in MiC projects. Ikuma et al. (2011) implemented Safety and Lean Integrated 633 

Kaizen in a modular homebuilding plant and found that back strain, trip hazards and pinch points 634 

were significantly reduced. James et al. (2014) and Nahmens and Ikuma (2009) found that good 635 

scheduling practice, housekeeping, systematic workflow, production standardization and 636 

improved handling of materials minimized injuries and improved the safety of construction 637 

workers in the manufactured housing industry in the US. Similarly, Nahmens and Ikuma (2009) 638 
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implemented lean principles in MiC projects in the US  and observed reduced biomechanical 639 

hazards, falls and low back injuries. 640 

4.6 Future research directions 641 

Fig. 5 shows the current and proposed future research framework on the risks of MiC. The 642 

proposed areas for future research considerations were identified from the gaps in the reviewed 643 

studies. The review showed that most of the studies examined MiC supply chain risks events. This 644 

suggests that risk events in the supply chain constitute one of the major concerns in MiC. Notably, 645 

studies have identified the supply chain risk events (Li et al. 2016, Li, Shen, et al. 2017, Li, Hong, 646 

et al. 2018), and the stakeholder-associated risk factors (Li et al. 2016, Luo et al. 2019). However, 647 

there is no quantitative assessment of the supply chain risk events to identify the most critical ones. 648 

It should be reiterated that the MiC supply chain involves multidisciplinary practitioners with their 649 

unique goals and value systems (Wuni, Shen, and Mahmud 2019).  Each of the stakeholders may 650 

focus on the risk associated with a segment of the supply chain. Aggregating the risks associated 651 

with the entire MiC supply chain is less likely to serve the specific needs of the disparate 652 

stakeholders. 653 

Thus, future studies would identify and allocate critical risk events in the segments of the MiC 654 

supply chain. Furthermore, there are limited studies on the resilience of the MiC supply chain. 655 

However, the adaptive capability of the MiC supply chain which allows it to recover quickly 656 

following any disturbances is important (Wang et al. 2018a) to improve the performance of MiC 657 

projects. Thus, future studies would develop a risk resilience framework for the MiC supply chain. 658 

Moreover,  MiC is associated with different risks and uncertainties (Li et al. 2013). However, the 659 

magnitude of the risks and uncertainties differ across projects and regions. As risk planning is 660 

conducted prior to and during the construction of projects (Baloi and Price 2003), a risk evaluation 661 

index is required as a decision support system to guide the selection (Murtaza et al. 1993) and risk-662 

rating of MiC projects. However, there is currently no risk evaluation index and decision support 663 

for MiC projects (Wuni, Shen, and Mahmud 2019). As such, future studies would develop a risk 664 

evaluation index and decision support for MiC projects. 665 
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Fig. 5. Current and future research framework on the risks of MiC 678 

Furthermore, one significant challenge in the application of MiC is the management of the 679 

geometric variabilities during the modular manufacturing and assembly due to incompatibility 680 

between process capabilities and desired levels of tolerance (Enshassi et al. 2019). The prevailing 681 

reactive geometric variability management practices continue to apply strict tolerances based on 682 

trial and error solutions (Shahtaheri et al. 2017, Enshassi et al. 2019). These practices have proven 683 

to be recipes for quality problems, excessive site-fit reworks, cost, and time overruns (Wuni, Shen, 684 

and Mahmud 2019). Shahtaheri et al. (2017) proposed a geometric and dimensional risk 685 

management framework based on strict tolerance approach whereas Enshassi et al. (2019)  686 

proposed a systematic proactive risk management framework and decision support based on 687 

relaxed tolerance approach. However, there are little studies on the possibility of managing 688 

geometric variability risk based on a combined strict-relaxed tolerance approach. Future studies 689 
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will conduct a robust assessment of the impact of this combined tolerance-based mitigation 690 

strategy on quality, schedule, and cost performance of MiC projects. 691 

 Finally, studies have deployed smart construction objects and developed RFID - enabled BIM 692 

platform  which integrates involved stakeholders, allowing for effective monitoring of workflow 693 

progress and information/data exchange in the manufacturing, logistics and on-site assembly 694 

segments of the MiC supply chain (Li, Zhong, et al. 2017, Zhong et al. 2017, Li, Xue, et al. 2018). 695 

The internet of things (IoT) – enabled BIM platform (Zhong et al. 2017, Li, Xue, et al. 2018), 696 

smart construction objects and RFID-enabled smart gateway  (Li, Zhong, et al. 2017) work 697 

effectively in ensuring data/information traceability, interoperability, visibility, exchange and 698 

allows for proactive management of MiC schedule risks (Li, Zhong, et al. 2017). However, none 699 

of the developed platforms incorporated fault-tolerant techniques which allow for effective 700 

elimination errors caused by faulty operations and inputs. Thus, future studies would modify these 701 

platforms to improve their performance.    702 

5. Conclusions  703 

Following the growing body of bespoke literature on the risks of MiC, this research conducted 704 

a systematic review and synthesis of empirical studies on the risks of MiC from 1992 to 2019. It 705 

is found that research publications on the risk of MiC only witnessed a steady growth within the 706 

last decade. This suggests that risk of MiC is gaining attention in the CEM domain. Based on a 707 

content analysis framework, it is found that existing studies focused more on identification and 708 

assessment of perceived implementation risks, supply chain risks, schedule risks, investment risks, 709 

structural risks, ergonomic risks, and MiC risk management strategies. These multiple forms of 710 

risks suggest that MiC is associated with a host of risks and uncertainties. Based on the frequency 711 

of occurrences, the paper identified nineteen (19) critical risk events (CREs) which were reported 712 

in at least two (2) studies. The top 10 CREs include delay in modular delivery; supply chain 713 

disruptions and disturbances; inefficient scheduling; design defects and change in project scope; 714 

complex stakeholder composition; crane malfunction; insufficient information coordination 715 

among project participants; modular installation error; and weather disruptions. These should be 716 

carefully considered in the implementation of MiC. 717 
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Although significant research progress has been made on the risk of MiC, the paper identified 718 

some areas that require further research. Future studies should (i) conduct quantitative assessment 719 

and ranking of the CREs in the MiC supply chain, (ii) allocate risks among the various segments 720 

of the MiC supply chain, (iii) examine the MiC supply chain resilience, (iv) develop a risk 721 

evaluation index and decision support framework, (v) incorporate fault-tolerant techniques in the 722 

Integration of RFID and BIM for MiC supply chain management, and (vi) develop a combined 723 

strict-relaxed tolerance-based framework for management of geometric variability risk. As such, 724 

this paper makes a unique contribution to the scholarly literature on the risk of OSC as it constitutes 725 

the first exclusive review on the risks of MiC. The paper has delineated the boundaries of existing 726 

studies, highlighted the gaps and deficiencies in current studies and proffered some directions for 727 

future studies. The paper further developed an RBS of MiC and identified some CREs in the 728 

implementation of MiC. The CREs contributes to the checklists of risk events associated with OSC 729 

and may broaden the understanding of OSC researchers, project managers and practitioners on the 730 

risks associated with MiC. The checklist of CREs may also be useful in risk planning in countries 731 

where the MiC market is still fledgling, and fewer or no bespoke risk assessment exists. For 732 

policymakers, the study highlighted the need for increased commitment to making MiC more 733 

attractive as the approach continues to fight the historic stigma of prefabricated housing and risk 734 

stereotyping. Finally, the proposed research framework provides a useful foundation for future 735 

studies. However, the study has the following limitations. Firstly, a sample size of 54 is small but 736 

considering that the MiC is now gaining attention, this review is timely and useful. Secondly, 737 

although a comprehensive search was conducted, it is possible that some relevant articles may 738 

have been missed.  739 
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