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Abstract 20 
Given the heightened imperatives for Supply Chain Resilience (SCR) in Industrialized 21 
Construction (IC) in Hong Kong, this study modelled the dynamic impact of Supply Chain 22 
Vulnerabilities (SCV) and Supply Chain Capabilities (SCC) on IC supply chains. The data 23 
collected through expert surveys, interviews and case studies were analyzed using Social 24 
Network Analysis (SNA) and System Dynamics Modelling (SDM) to develop the research 25 
models. On-site assembly was identified as the most vulnerable supply chain phase, and 26 
‘anticipation’ as the most influential capability. Further, the use of an interoperable, smart 27 
software package and other suggested strategies were shown to enhance IC's resilient 28 
capabilities. As key practical contributions, these findings provide evidence-based pointers to 29 
initiate well-focused performance-enhancing measures to achieve SCR in IC. Moreover, this is 30 
the first initiative to explore the potential applications of SDM and SNA to assess IC supply 31 
chain dynamics targeting a goal of enhanced resilience. This study, therefore, contributes 32 
substantially to the IC and SCR knowledge domains. This should also motivate and provide 33 
pointers to scholars pursuing similar industry-specific improvements in other jurisdictions too. 34 
Keywords: Supply Chain Resilience (SCR); Industrialized Construction (IC); Social Network 35 
Analysis (SNA); System Dynamics Modelling (SDM); Supply Chain Vulnerabilities (SCV); 36 
Supply Chain Capabilities (SCC) 37 
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Introduction 41 

Organizations are presently experiencing and envisaging prolonged Supply Chain Vulnerabilities 42 

(SCV) arising from COVID-19 (McKinsey Global Institute, 2020). Since many organizational supply 43 

chains are interconnected, disruptions may cascade across global supply chains, and their impacts may 44 

accumulate, amplify and even become catastrophic. For instance, the COVID-19 pandemic triggered 45 

dramatic material shortages worldwide (Golan et al., 2020). In the United States, similar financial stress 46 

arose after the 2008 financial crisis (Golan et al., 2020). Further, country and region lockdowns shrunk 47 

production supply chains in most countries, especially in Japan (Inoue et al., 2020). Focusing on the 48 

construction industry, key supply chain disruptions were aggravated by the shortage of labor and key-49 

personal, dynamic changes in the work environment (Raoufi and Fayek, 2020), and material shortages. 50 

More specifically, North American construction supply chains experienced major delays and 51 

disruptions due to social distancing at site, productivity losses, material shortages, and logistic and 52 

supply delays (Raoufi and Fayek, 2020). Supply and logistic disruptions are seen in Hong Kong too. 53 

Hence, this recent pandemic further compels organizations of the need to rethink their plannning and 54 

decision making to address and overcome these tumultuous vulnerabilities. 55 

In this context, ‘supply chain resilience’ has been introduced as a game-changing supply chain 56 

management goal that opens up robust pathways to withstand SCV (Zavala et al., 2018). Further,  supply 57 

chain resilience is a better alternative to traditional risk management practices (Zavala et al., 2018). 58 

Besides, adequate and appropriate Supply Chain Capabilities (SCC) must be deployed to achieve such 59 

resilience (Pettit et al., 2019). Therefore, many leading economies and industries worldwide have 60 

attempted to design and deploy resilience strategies in their industrial supply chains (Ekanayake et al., 61 

2020a). However, supply chain resilience is jurisdiction and industry-specific, given the different 62 

configuration and characteristics of each supply chain (Ekanayake et al., 2020a).  63 

As a leading economic contributor, the HK construction industry has also focused on strategies and 64 

methodologies to reduce supply chains' vulnerability levels. Industrialized Construction (IC) has 65 

steadily gained popularity in the HK construction industry over the recent decades, first coming into 66 

prominence in public housing. IC provides an environment-friendly, better quality, cleaner, and safer 67 

working environment (Li, 2016). The recent IC progression to modular integrated construction enables 68 
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the on-site assembly of volumetric units or modules, yielding advantages of reduced construction time, 69 

significantly reduced on-site labor, better quality, enhanced safety and productivity and reduced 70 

exposure to external services with greater sustainability (Xu et al., 2020). However, IC supply chains' 71 

inherent complexity and fragmented nature often lead to disruptions and even some reduced 72 

performance levels (Ekanayake et al., 2020a).  73 

IC supply chains are usually more sophisticated and complex than in traditional construction, since IC 74 

is based on incorporating modern advances in offsite manufacturing and on-site assembly. Further, the 75 

necessarily specific IC supply chain phases of factory-manufacturing, logistics and on-site assembly 76 

(Ekanayake et al. 2020a) contribute to supply chain fragmentation. Also, the types of manufactured 77 

units, corresponding supply chain configurations and levels of IC supply chains’ vulnerability differ 78 

across jurisdictions. For example, Singapore has developed ‘pre-engineered prefinished volumetric 79 

construction’ based on ‘bigger’ pre-engineered volumetric units while a different module assembly 80 

process is used in Japan. Consequently, the types and levels of vulnerabilities in the supply chain’s 81 

manufacturing and delivery of such different unit types would thereby differ (Ekanayake et al. 2020a). 82 

In the HK context, all the prefabricated units are transported from Mainland China; hence supply chains 83 

are commonly affected by transportation and cross-border logistics-related vulnerabilities (Ekanayake 84 

et al., 2019) compared to some other jurisdictions (as discussed in detail in the forthcoming sections of 85 

this paper). This necessitates strong and more resilient IC supply chains in HK than in other jurisdictions 86 

as the industry needs to cope with significant cross-border logistic associated vulnerabilities. Moreover, 87 

suitably focused jurisdiction-specific studies are critical in detecting appropriate SCC imperatives to 88 

ameliorate jurisdiction-specific supply chain vulnerabilities. Apart from the above, the HK context 89 

necessitates enhancing the resilience capability of IC supply chains to address the current performance 90 

conundrums faced by the industry.  91 

In light of this background and rapidly changing conditions, this study aimed to assess the dynamic 92 

impact of SCV and SCC targeting resilient supply chains in IC in HK and to propose strategies to 93 

enhance supply chain resilience in IC. Hence, this study first evaluated the dynamic impact of SCV in 94 

each supply chain phase. Then, this study examined and modelled the potent influence of relevant SCC 95 

towards enhancing resilience abilities in IC in HK through a system dynamics modelling approach. 96 
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Finally, a set of useful strategies to introduce and/or upgrade resilient practices in IC supply chains is 97 

proposed based on the HK case study findings. Therefore, the forthcoming sections of this paper present 98 

the theoretical foundation of this piece of research, followed by a conceptual framework, research 99 

methods employed in model development and validations, a discussion with comparative case studies, 100 

proposed strategies to uptake and/or upgrade supply chain resilience in IC, and finally, the conclusions 101 

that include research limitations and suggested ways forward.  102 

Theoretical Foundations and the Conceptual Framework 103 

IC supply chains span a much longer process and time-frame than in conventional in-situ construction 104 

as they straddles across two production environments. Further, IC supply chains require longer periods 105 

for potential error reduction for achieving greater dimensional accuracy and arranging prefabrication 106 

lead times to fit on-site construction schedules. IC supply chains are, therefore, inherently more 107 

vulnerable to potential disruptions (Luo et al., 2019). Further, the higher the number of IC supply chain 108 

tiers, the less the supply chain visibility, making it more difficult to identify and respond to emerging 109 

risks. Single supplier dependency or the absence of substitute suppliers, is another disruptive cause 110 

(McKinsey Global Institute, 2020) that afflicts the construction sector. Besides, in HK, IC supply chains 111 

are profoundly affected by the distant location of the manufacturing yards, invariably in mainland 112 

China, due to higher labor cost in HK, specialisations and economies of scale. Further, the logistics 113 

phase of IC supply chains is usually subject to significant disruptions in transportation and customs 114 

clearance of the prefabricated components (Ekanayake et al., 2020a). Temporary protection of precast 115 

units, including to ensure water tightness during transportation, is another challenging task. Mechanical 116 

failures, malfunctions of cranes and misplacement or damage of modules on storage sites are common 117 

highly disruptive events that IC face during on-site assembly (Li et al., 2018). Coupled with the inherent 118 

complexity and the IC supply chains' fragmented nature, these further multiply and amplify 119 

vulnerabilities across the supply chain network.   120 

Existing risk management practices are evidently unable to foster more resilient supply chains (Pettit et 121 

al., 2019). In extant studies, each risk is identified individually and separately during risk management 122 

processes, thereby neglecting any interactions of risks, with inadequate consideration for sudden and 123 

unanticipated disturbances, since the focus is more on discrete anticipated events. Therefore, dynamic 124 
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supply chains need ‘constant vigilance’ to detect potential SCV. In this respect, resilience would 125 

provide a good solution by enriching IC supply chains with capabilities to adapt, mitigate, reduce or 126 

avoid SCV. Moreover, supply chain resilience can only be enhanced by improving the appropriate 127 

SCC (Pettit et al., 2013), which also enhances the IC supply chains' adaptive capacities. Moving beyond 128 

the SCC of flexibility and efficiency, organizations currently access technological advancements 129 

through the internet of things and digital platforms. However, the accumulated and interactive 130 

complexities when combining and applying some such recent developments, often inject more robust 131 

strategies for survival. Many organizations are still at the early stages of their efforts to realise these 132 

technological capacities, connecting the entire value chain with a seamless data flow (McKinsey Global 133 

Institute, 2020).   134 

Delving deeper, supply chain resilience aligns with the ‘Dynamic Capability View’. It supports the 135 

explanation of SCC in dynamic and uncertain environments by utilizing appropriate resources and 136 

capabilities to respond to dynamic changes (Chowdhury and Quaddus, 2017). Hence, this study 137 

postulates that supply chains need to create dynamic capabilities to withstand SCV under tumultuous 138 

supply chain environments to boost IC's performance in HK. Building on these assumptions, this study 139 

employed system dynamics modelling to investigate the dynamics of SCC, targeting resilient IC supply 140 

chains in HK. System dynamics modelling provides an effective mechanism to discover, elucidate, and 141 

measure interrelationships and dynamics among the elements of a model (Wang et al., 2018). Besides, 142 

system dynamics modelling is ideal for evaluating the consequences of implementing new strategies 143 

(Wang et al., 2018). It can be effectively used in estimating the improvements in supply chain 144 

performance due to supply chain resilience and SCC initiation. Studies by Olivares-Aguila and 145 

ElMaraghy (2020), Kochan et al. (2018), Bueno-Solano and Cedillo-Campos (2014) used the same 146 

system dynamics modelling in evaluating dynamic supply chain disruptions. The focus of previous 147 

studies was, therefore, on assessing the dynamic impact of one or more SCV and hence, lacks full 148 

consideration of the entire dynamic system encompassing the supply chain with its influential SCV and 149 

SCC.   150 

Given that resilience is an imperative in IC supply chains in HK and noting the research lacuna in 151 

modelling the supply chain resilience impact, this study investigates the effect of SCC in strategies to 152 
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boost resilience in IC with the help of relevant modelling techniques such as system dynamics and 153 

social network analysis, depending on the material being probed. After specific detailed precursor 154 

studies, Ekanayake et al. (2020a) previously identified five SCV constructs, i.e. economic, 155 

technological, procedural, organizational, production-based components incorporating 24 critical SCV 156 

variables; and also nine SCC constructs, i.e. resourcefulness, flexibility, anticipation, dispersion, 157 

capability, adaptability, efficiency, financial strength and visibility, incorporating 41 critical SCC 158 

variables (Ekanayake et al., 2020b), in respect of IC supply chains in HK. These were built upon for 159 

further data collection and model development as appropriate to this study and explicated further in the 160 

forthcoming sections. Since fortification of resilience requires new initiatives, these findings led to 161 

suggest strategies to enhance supply chain resilience in IC in HK based on two comparative case studies 162 

and the results generated from the dynamic modelling of IC supply chains.  163 

A theoretical framework (Fig.1.) was developed for the above purpose, including SCV constructs and 164 

SCC constructs which are the two main categorical measures established in the literature, highlighting 165 

that supply chain resilience could be realised through maintaining an appropriate balance between SCV 166 

and SCC. SCV hamper the smooth performance of IC supply chain processes, hence shown as a 167 

negative link. In contrast, SCC strengthen the resilient IC supply chains, hence shown as a positive link. 168 

On the other hand, SCC are the counter balancers of SCV, hence indicated by another negative link.  169 

Fig.1., thus, represents a generic overview of how the individual vulnerability and capability categorical 170 

measures (which are the indicators of supply chain resilience) affect the entire supply chain process of 171 

IC. The theoretical relationships depicted in Fig.1. are examined later in the study to establish how these 172 

vulnerability and capability indicators collectively impact each supply chain phase and entire supply 173 

chain of IC and how the negative impacts can be strategically extirpated. 174 

[Please insert Fig.1. here] 175 

Research Methods and Data Analysis 176 
Research Methods 177 

A comprehensive and robust research methodology was clearly needed based on the foregoing 178 

theoretical foundations and conceptual framework so as to elicit, analyze and unveil the key components 179 

and underlying dynamics in developing resilient supply chains by a focused study of fundamental 180 
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concepts, overarching principles and current best practices, along with their strengths and weaknesses. 181 

Fig.2. depicts the research questions derived, the research methods used and the flow, and research 182 

outcome in line with each research activity of this study to improve readers’ understanding. 183 

Accordingly, this study adopted a mixed-method approach, with an empirical questionnaire survey and 184 

case study being the main data collection techniques.   185 

[Please insert Fig.2. here] 186 

Therefore, a questionnaire was developed by including vulnerability and capability measures which 187 

were ascertained following the comprehensive literature review as appropriate to IC in HK. Before 188 

proceeding with the sampling and data collection, the questionnaire was tested for the relevance and 189 

comprehensiveness of the questions, language structure and understandability. Four academic 190 

professors who are experienced with IC practices in HK and possess vast relevant knowledge on 191 

research and industry practice of IC supply chains were approached in this questionnaire testing and 192 

confirmed the questionnaire's suitability for data collection. After that, the pilot testing of the data 193 

collection tools was done with three academics and two industry practitioners with research experience 194 

in IC. They were considered the experts on the subject matter because they each had more than 20 years 195 

of experience and vast knowledge in handling IC projects (Ekanayake et al., 2020a). Then, the 196 

questionnaire survey was administered to solicit the views of industry experts who are working or 197 

worked in IC projects in HK. Purposive sampling: a non-probability sampling (Zhao et al., 2014) was 198 

used to obtain a representative sample for this study (Chan et al., 2018). 199 

Further, this study also used a snowball sampling method to obtain a valid and expanded sample size, 200 

enabling rich data gathering through social networks as employed in previous construction management 201 

studies by Zhang et al. (2011) and Chan et al. (2018). Seventy-six responses from relevant experts were 202 

obtained with special efforts to account for the respondents' busy schedules. This sample size is 203 

considered adequate for the analysis (Sproull 2002) since a sample size of 30 is representative of any 204 

group (Ott and Longnecker, 2015) and adequate to develop significant conclusions in a subject area of 205 

this nature (Owusu et al., 2020). Besides, the 76-response rate is higher than the response rates obtained 206 

in some of the previous survey-based construction management studies (Adabre and Chan 2019; Owusu 207 

et al. 2020; Darko and Chan 2018). Fig.2. presents the survey respondents' profile, highlighting that 208 
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these respondents possess managerial level experience of IC projects and justifying that their responses 209 

are valid. Many project engineers who were assigned to the manufacturing factory were also involved 210 

in this study to enable rich data gathering. At the same time, all the respondents were asked to provide 211 

their answers considering all the supply chain phases to maintain consistency of the data collected. A 212 

purposive sampling approach facilitated selecting suitable respondents (the project professionals who 213 

are experienced and knowledgeable on the supply chain process of prefabricated housing construction) 214 

for this study. These respondents in Fig.2. were identified by exploring their business profiles, attending 215 

seminars related to IC conducted by them, and industry-based contacts. Indeed, the number of such 216 

experts in HK with ‘managerial level experience on IC projects’, (i.e. the total population from which 217 

this sample is drawn) is itself not large, further justifying the reliability and representativeness of 218 

findings derived from the sample of 76. All necessary details regarding questionnaire development, 219 

factor exclusion in pilot studies, respondent selection, and expert survey are explicated in detail in the 220 

precursor studies of Ekanayake et al. (2020a, 2020b). 221 

Without limiting to the deductive research approach, semi-structured interviews were also used in data 222 

collection as the element of interpretivism was found useful, indeed important, in seeking and providing 223 

industry-based justifications for the quantitative results. Therefore, all the respondents were contacted 224 

face-to-face or through online interviews. A brief description of the survey was conveyed at the 225 

beginning of the interviews, including the requirements of this data collection. They were then 226 

requested to fill the questionnaire. During the survey, experts’ views were solicited on; (I) SCV 227 

measures and (II) the SCC measures, which enable successful withstanding of the associated SCV. The 228 

experts were also asked to assign a score to rate the importance of each capability variable and the 229 

criticality of each vulnerability variable based on their probability of occurrence and the level of 230 

severity. All these data covered all the IC supply chain phases, and the experts separately identified the 231 

SCV associated with each supply chain phase. The interview discussions were useful in verifying the 232 

questionnaire responses. In order to optimize the results, the outliers were removed from the sample 233 

(Bakker et al., 2014), while data normalization was conducted in factor selection for analysis as 234 

discussed in the precursor studies of Ekanayake et al. (2020a, 2020b). 235 
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Owing to the nature of the anticipated outcomes, which drove the accomplishment of research 236 

objectives, three main tools were employed. The mean ranking approach was first employed to conduct 237 

a descriptive analysis to determine vulnerability and capability measures' criticalities using their 238 

average weight scores derived from the questionnaire survey (Ameyaw et al., 2017). This was followed 239 

by examining the relative criticalities or impacts of SCV on each supply chain phase using the network 240 

analysis approach. Thereafter, simulation of the accumulated impacts of SCV and the appropriate SCC 241 

measures was conducted using the system dynamics modelling approach to help instigate appropriate 242 

measures to achieve resilient supply chains in IC in HK.  243 

Why Social Network Analysis? 244 
Social network analysis is a comprehensive paradigmatic method that considers social structures as 245 

systems by direct examination of resource allocation patterns in the social systems (Scott and 246 

Carrington, 2011). It is specific to network theory and has emerged as a key research technique in 247 

sociology and has become a popular topic of speculation and study (Yang et al., 2015; Chinowsky et 248 

al., 2008; Chinowsky et al., 2010). Besides, this method facilitates easy access to the data, simplicity of 249 

design, limited sample size, and decisional and interactional analysis (Tichy et al., 1979). Given that, 250 

the theory has also been successfully applied in construction supply chain management studies to 251 

examine stakeholder risks and their associated interactions in complex green building projects (Yang 252 

et al., 2015), risks and opportunities in the supply chain information sharing process (Colicchia et al., 253 

2019), and to model constraints for the on-site assembly process of prefabrication housing supply chains 254 

(Gong et al., 2019). These studies, therefore, have justified social network analysis as an effective 255 

method to explore the influence of a wide-ranging array of risk factors in construction supply chains. 256 

There, the social network theory regards a project as a system that consists of diverse relationship links 257 

and investigates the cause and effects of relationship structure (Scott, 2000). Individual actors in a social 258 

network are the nodes while the links detect the relationship between two nodes (Lin, 2015). In this 259 

context, this study adopted social network analysis to analyze the vulnerability levels of the principal 260 

supply chain phases of IC, namely factory-prefabrication, logistics, and on-site assembly. 261 

Why System Dynamics Modelling?  262 
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System dynamics modelling was introduced by Professor Jay Forrester in 1958, using computer 263 

simulation technology and feedback control theory as means of quantitative analysis of multifaceted 264 

real-world systems (Li et al., 2014; Ajayi, 2016). This is a multidisciplinary research tool that has been 265 

widely used in project management, decision sciences, and construction management domains, among 266 

others. Dynamic modelling of construction activities enabled identifying solutions for several complex 267 

problems where non-linear relationships and multiple interdependent connections existed (Sterman, 268 

1992). Further, system dynamics modelling can correlate several factors and enable experiments within 269 

a controlled environment (Love et al., 2000). As an advanced research tool, system dynamics modelling 270 

facilitates managing complex processes, relying upon its feedback loops and connections. Thus, the 271 

modelling process is highly dependable upon the captured interactions among the variables. Thereby, 272 

system dynamics modelling enables the examination of the behavior of a complex system over time 273 

with changes in the variables. Hence, the construction industry has employed system dynamics 274 

modelling to examine productivity, waste management, construction safety, and forensic project 275 

management (Li et al., 2014). Although this method is widely used to analyze project dynamics and 276 

complexities (Khan et al., 2016), there were no known attempts to analyze resilience in construction 277 

practices using system dynamics modelling principles. Given the aforementioned importance of such a 278 

research study and in response to the research lacuna identified, system dynamics modelling is 279 

employed in this study to investigate the accumulated impacts of SCV and SCC components to help 280 

instigate appropriate measures to achieve resilient supply chains in IC in HK.   281 

Data Analysis 282 

The descriptive statistics of the expert survey of all the underlying components of this study are given 283 

in Table 1. These components include all the variables considered in the social network analysis and 284 

system dynamics modelling. SCV constructs include all the negative variables that hamper and retard 285 

SCR. SCC constructs include all the positive variables which encourage and enable resilience. 286 

According to the mean score figures, the topmost critical components are organizational SCV and 287 

efficiency as an SCC. Thus, following this appreciation of the relative impacts of all the negative 288 

constructs on the supply chain, the development of the system dynamics model is intended to unveil 289 

and point to potential strategies for uplifting IC supply chains' resilience. Before the system dynamics 290 
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modelling, this study intended to identify the most critical supply chain phases considering the impact 291 

of negative constructs, namely economic, technological, procedural, organizational and production-292 

based SCV. Hence, social network analysis was conducted, and the process is described further as 293 

follows.  294 

[Please insert Table 1 here] 295 

Social Network Analysis Model 296 

The data collected through the expert opinion survey (as illustrated above) were used to develop a social 297 

network analysis model. The industry experts were asked to identify the SCV affecting each supply 298 

chain phase, and they were asked to score the vulnerability of each SCV at each supply chain phase 299 

using values of 0 or 1. If any vulnerability has a considerable direct impact on any supply chain phase, 300 

the respondents stated 1 for the vulnerability under the specific phase. If there is no such considerable 301 

impact, 0 was assigned. The total scores received for each vulnerability under each phase were 302 

considered in social network analysis and presented as percentage values in Table 1. Each phase's 303 

vulnerability level was calculated by taking the summation of scores received for all the vulnerabilities 304 

under each phase through social network analysis. Thereby, a vulnerability matrix was developed, 305 

including supply chain phases with SCV as the main nodes. This matrix was imported to the Netminer 306 

4 software, and a two-mode network analysis was conducted to derive the results shown in Fig.3. The 307 

node shapes denote the types of SCV (circles) and supply chain phases (squares), respectively, whereas 308 

the arrow thickness reflects the degree of influence between the nodes.   309 

The node size reflects the level of vulnerability of each supply chain phase. Further, ‘degree’ as one of 310 

the key measures in social network analysis was used to explain the results. This measure detects the 311 

count of the number of ties to other actants in this network by reflecting the immediate features of node 312 

connections (Luo et al., 2019). Hence, the measure of ‘degree’ enabled identifying the most critical 313 

phases of IC supply chains, considering the highest values of degree. The results of social network 314 

analysis are further elaborated in the discussion section.  315 

[Please insert Fig.3. here] 316 

System Dynamic Model 317 
Model development 318 
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The application of the system dynamics modelling in this study facilitates understanding of how the IC 319 

supply chain process responds to the interactions and the changes or the dynamic behavior of SCV 320 

(negative constructs). Moreover, it is employed to explain the supply chain system's behavior under 321 

suggested propositions of the SCC strategies formulated to mitigate SCV in the IC process. Therefore, 322 

this approach, helps to evaluate the relative feedbacks of the supply chain system. Also, the model is 323 

intended to suggest effective avenues to enhance supply chain resilience. As found in the data 324 

collection, all three phases of IC supply chains contain SCV. These SCV are grouped under five 325 

constructs, and each of these constructs includes other underlying dimensions that retard resilient 326 

performance in IC. Also, the SCC can be grouped under nine constructs representing the relevant 327 

underlying factors in each construct. Therefore, each underlying factor’s relationship between these 328 

appropriate constructs was first established using the Partial Least Squares Structural Equation 329 

Modelling (PLS-SEM) (Ajayi, 2016). Thereby, the relationships between the factors were modelled 330 

through the use of Vensim 8.1.0 software.  331 

Causal loop diagram  332 
A causal loop diagram visualizes the cause-and-effect relationships between the variables in a model 333 

by articulating the interrelationships of various elements that create a system (Ajayi, 2016). This 334 

diagram includes nodes and links where nodes refer to the variables and links represent the variables' 335 

relationships. Supply chain resilience in IC in this study is measured in two dimensions; namely; i) 336 

mitigating the impact of the significant negative constructs of SCV and ii) increasing the effectiveness 337 

of SCC measures. As a result, in the causal loop diagram, two distinct constructs were discussed. Thus, 338 

the two main loops considered here are 1) the positive indicators (+): SCC, which enhance the resilience 339 

and accumulate the impact of resilient supply chains, and 2) the negative indicators (-): SCV, which 340 

retard the performance of supply chains. Hence, the negative loops commence with five SCV 341 

constructs, which lead to acute disruptions in IC supply chains in HK. Therefore, the positive loops are 342 

the nine SCC constructs that facilitate the successful withstanding ability of SCV. However, these SCC 343 

have a negative influence on SCV constructs. All these interactions are depicted in the CLD given in 344 

Appendix 1. The variables within the respective constructs are also indicated and represented by the 345 
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nodes, and their relative dependencies are presented using the links. Based on their positive or negative 346 

influence on the loop, the link arrows are given the signs of (+) or (-) on the arrowheads.  347 

Stock and flow diagram  348 
A stock and flow diagram is another possible method of presenting causal relationships between 349 

variables in system dynamics modelling (Coyle, 1996). According to Ajayi (2016), stock and flow 350 

diagram is an algebraic representation that can be run on a computer since it is written in equations and 351 

computer coding. Hence, stock and flow diagram facilitates quantitative analysis and mathematical 352 

simulation of a model without just limiting to evaluation through tracing of the causal and use trees 353 

(Wang et al., 2018). The causal loop diagram was converted to a stock and flow diagram thereafter 354 

using Vensim software to simulate dynamic relationships of various strategies in achieving resilient 355 

supply chains in IC. The stock and flow diagram is presented in Appendix 2, and all the notations used 356 

are described in Table 2.   357 

[Please insert Table 2 here] 358 

As shown in Appendix 2, the variables in the stock and flow diagram include stocks, flows, auxiliary 359 

variables, and constant indicators. The stock and flow diagram allows input of mathematical equations 360 

and weighting scores to the model to simulate each variable’s impact on the model separately and as a 361 

whole. In order to conduct appropriate quantitative analysis, the respective indices of each measurement 362 

items were first established. Thereby, the impacts of adopting different strategies for achieving resilient 363 

IC supply chains were simulated.  364 

Data collection and analysis for model simulation 365 
After constructing the stock and flow diagram, two cases were selected to conduct a comparative case 366 

study and as the model simulation inputs. Both Case A and Case B were public housing construction 367 

projects in HK. These cases are representative of IC projects in HK, given that; (a) the largest IC client 368 

develops these projects in HK providing public housing for over 50% of its residents, (b) the main 369 

contractors of Case A and Case B are reputed, top graded and well-experienced contractors in the field 370 

of IC sector in HK with project teams possessing management skills similar to other experienced IC 371 

project teams, and (c) all the public housing projects are very similar except for site conditions, with 372 

the floor plan, structure type, assembly cycle, and volume and types of precast components being the 373 
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same for each of a few standard designs. This justifies the generalization from the case study. The only 374 

difference between the selected cases is that Case A does not have its inhouse manufacturing company.. 375 

However, the contractor in Case B has its own prefabrication yard in Mainland China, and hence, all 376 

the supply chain phases are linked under one Building Information Modelling (BIM) platform. Table 3 377 

presents further details about the two projects.   378 

[Please insert Table 3 here] 379 

All the required data from the selected cases were collected through unstructured interviews with six 380 

project professionals, including project managers of each selected case, document reviewing, and 381 

conducting site visits together with a questionnaire survey. The questionnaire was designed to capture 382 

the level of application of SCC strategies and the level of vulnerability due to supply chain disruptions. 383 

Supply chain vulnerability and capability measures which were confirmed in the PLS-SEM analysis 384 

(Ekanayake et al., 2020c), were included in the questionnaire. All the respondents were asked to rank 385 

the level of SCC application and the vulnerability level on a range of 0% to 100%, which indicates 0% 386 

as the least to 100% as the highest. Besides, all the project-specific details, lessons learnt, and the firms' 387 

individual arrangements were captured in the interviews and helped propose strategies to enhance 388 

supply chain resilience practices in IC in HK.   389 

In calculating a relative importance value for each vulnerability and each capability, the following steps 390 

were used by following the study of Ajayi (2016).   391 

(I) First, the data collected from the main questionnaire survey was used to develop a PLS-SEM model, 392 

reflecting the interconnections between SCV and SCC as presented in Ekanayake et al. (2020c). PLS-393 

SEM has computed a weighting score for each link (relationships) within the constructs. For instance, 394 

it has developed weights for each variable within the economic SCV construct appropriate to the 395 

relevant construct. Similar findings emerged for all the capabilities and the vulnerabilities. This method 396 

allows more justifiable values as these values are generated from a statistical tool compared to the mean 397 

score weightings. Hence, the relative weights for each variable were calculated using the factor weights 398 

(𝑤𝑤𝑥𝑥𝑖𝑖) assigned by PLS-SEM analysis as in Equation 1. 399 

𝑅𝑅𝑥𝑥𝑖𝑖 =
𝑤𝑤𝑥𝑥𝑖𝑖

∑ 𝑤𝑤𝑥𝑥𝑗𝑗
𝑛𝑛
𝑗𝑗=1

                                                    (1) 400 
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𝑅𝑅𝑥𝑥𝑖𝑖 denotes the significance index of element 𝑥𝑥𝑖𝑖, indicating the extent to which 𝑥𝑥𝑖𝑖contributes to its 401 

latent variable. 𝑤𝑤𝑥𝑥𝑖𝑖 is the factor weight derived from PLS-SEM.  402 

For instance, considering, the latent factor “Production-based SCV-PBSCV” where 𝑥𝑥1= QL, 𝑥𝑥2 = SDM, 403 

𝑥𝑥3 = LS, 𝑤𝑤𝑥𝑥1 = 0.89, 𝑤𝑤𝑥𝑥2  = 0.89, and 𝑤𝑤𝑥𝑥3  = 0.75. As per Equation 1, the relative weight of QL, [RQL] 404 

= 0.89/2.53 = 0.35. 405 

(II) Thereafter, the application levels of first-order latent variables such as PBSCV, ESCV and other 406 

constructs were computed using the following Equation 2.  407 

𝐴𝐴𝐴𝐴(𝑋𝑋) =  �𝐴𝐴𝑥𝑥𝑖𝑖 × 𝑅𝑅𝑥𝑥𝑖𝑖

𝑛𝑛

𝑖𝑖=1

                                  (2) 408 

Where, 𝐴𝐴𝐴𝐴(𝑋𝑋) = application level of the latent factor X, 𝐴𝐴𝑥𝑥𝑖𝑖 = application level of sub-element 409 

𝑥𝑥𝑖𝑖 contributing to the latent factor X. 𝑅𝑅𝑥𝑥𝑖𝑖= the significance index of sub-element 𝑥𝑥𝑖𝑖 as calculated using 410 

Equation 1. 411 

(III) Then, this study computed the significance index of all the latent variables using the following 412 

Equation 3 in order to understand each construct’s significance towards achieving the resilient IC 413 

supply chains. 414 

𝑅𝑅𝑋𝑋𝑖𝑖 =
𝑤𝑤𝑋𝑋𝑖𝑖

∑ 𝑤𝑤𝑋𝑋𝑗𝑗
𝑛𝑛
𝑗𝑗=1

                                              (3) 415 

In Equation 3, 𝑅𝑅𝑋𝑋𝑖𝑖  denotes the significance index of the latent variable 𝑋𝑋𝑖𝑖, which can be a vulnerability 416 

or capability construct. 𝑤𝑤𝑋𝑋𝑖𝑖 is the absolute weight derived from PLS-SEM analysis for each construct. 417 

∑ 𝑤𝑤𝑋𝑋𝑗𝑗
𝑛𝑛
𝑗𝑗=1  reflects the sum of absolute weights for all the constructs with respect to their associated 418 

vulnerability or capability category. 419 

(IV) Accordingly, the impacts of vulnerabilities and capabilities were computed using the following 420 

Equation 4 and Equation 5, considering their relative impacts on the contributing factors and their level 421 

of application.  422 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴𝐴𝐴𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 × 𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐴𝐴𝐴𝐴𝑇𝑇𝐸𝐸𝐸𝐸𝐸𝐸 × 𝑅𝑅𝑇𝑇𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐴𝐴𝐴𝐴𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸 × 𝑅𝑅𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸 + 𝐴𝐴𝐴𝐴𝑂𝑂𝐸𝐸𝐸𝐸𝐸𝐸 × 𝑅𝑅𝑂𝑂𝐸𝐸𝐸𝐸𝐸𝐸423 
+ 𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸 × 𝑅𝑅𝑃𝑃𝑃𝑃𝐸𝐸𝐸𝐸𝐸𝐸                                                                                           (4) 424 

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹𝐸𝐸 × 𝑅𝑅𝐹𝐹𝐹𝐹𝐸𝐸 + 𝐴𝐴𝐴𝐴𝑅𝑅𝐸𝐸𝐸𝐸 × 𝑅𝑅𝑅𝑅𝐸𝐸𝐸𝐸 + 𝐴𝐴𝐴𝐴𝐸𝐸𝐶𝐶𝑃𝑃 × 𝑅𝑅𝐸𝐸𝐶𝐶𝑃𝑃 + 𝐴𝐴𝐴𝐴𝐶𝐶𝐴𝐴𝐶𝐶 × 𝑅𝑅𝐶𝐶𝐴𝐴𝐶𝐶 + 𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹𝐸𝐸 × 𝑅𝑅𝐹𝐹𝐹𝐹𝐸𝐸425 
+ 𝐴𝐴𝐴𝐴𝐴𝐴𝐹𝐹𝐸𝐸 × 𝑅𝑅𝐴𝐴𝐹𝐹𝐸𝐸 + 𝐴𝐴𝐴𝐴𝐸𝐸𝐹𝐹𝐸𝐸 × 𝑅𝑅𝐸𝐸𝐹𝐹𝐸𝐸 + 𝐴𝐴𝐴𝐴𝐸𝐸𝐹𝐹𝐹𝐹 × 𝑅𝑅𝐸𝐸𝐹𝐹𝐹𝐹 + 𝐴𝐴𝐴𝐴𝐶𝐶𝐴𝐴𝑇𝑇 × 𝑅𝑅𝐶𝐶𝐴𝐴𝑇𝑇        (5) 426 

 427 
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𝑆𝑆𝑆𝑆𝑆𝑆 is the combined impact of all the vulnerabilities, whereas 𝑆𝑆𝑆𝑆𝑆𝑆 denotes all the capability measures' 428 

combined impact. Relevant 𝐴𝐴𝐴𝐴 and 𝑅𝑅 values were calculated using Equation 2 and Equation 3.  429 

(V) Finally, the balancing impact of SCC and SCV towards achieving supply chain resilience in IC in 430 

HK, which is RSCIC, was derived as appropriate to this study using the correlation suggested by Pettit 431 

et al. (2013). All these values were input into the model, indicating the units as ‘Dmnl’ since the data 432 

input was measured in a scale or a percentage. Prior to the simulation run, the model was then tested 433 

for its accuracy (Ding et al., 2016; Senge, 1990). 434 

Model testing and validation 435 
The validity test is performed to ensure that the model reflects definite scenarios (Richardson and Pugh, 436 

1981), and model validation is essential in system dynamics modelling (Sterman, 2000). The series of 437 

tests performed to review and highlight the validity of the model are; 1) the boundary adequacy test, 438 

which confirms whether all the essential concepts and structures are considered in the model (Qudrat-439 

Ullah & Seong, 2010); 2) parameter verification test which confirms whether the parameter value is 440 

consistent with the system knowledge by means of numerically and descriptively (Ajayi, 2016); 3) 441 

dimension consistency test that verifies the measurement units in any equation is consistent (Sterman, 442 

2000; 4) extreme condition test which confirms whether the model behavior is consistent at extreme 443 

cases of 0% and 100% implementation of all the strategies (Ajayi, 2016); and 5) structure verification 444 

test which verifies whether the model represents real-life relationships and interconnections as well as 445 

the actual system simulated (Ding et al., 2016).  Test 1 was verified by interviewing two industry experts 446 

who earlier assisted in this data collection. The other four tests were performed in the Vensim software; 447 

hence, the model parameters were successfully verified. Thereby, base run simulation and the 448 

sensitivity analysis were conducted on the Vensim model to derive the study results. The results are 449 

further elaborated in the next section.  450 

Results and discussion 451 
Vulnerability analysis of supply chain phases 452 
This section presents the outcomes generated and consequential discussions based on social network 453 

analysis of the IC supply chains in this study. Fig.4. presents an overarching view of the collective 454 

impact of vulnerabilities affecting each supply chain phase. Here, N-V stands for the normalized values 455 
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of the degree of impact. Hence, it is seen as the dynamic relative impact of SCV on the supply chain 456 

phases. According to Fig.3. and Fig.4., the manufacturing phase and the on-site assembly phase are 457 

more (highly) vulnerable phases in IC supply chains. The logistics phase is also marginally vulnerable 458 

in terms of supply chain disruptions. However, none of the phases was immune from SCV.   459 

[Please insert Fig.4. here] 460 

The manufacturing and the on-site assembly phases are highly susceptible to labor-related issues, which 461 

are very significant in IC. Loss of skilled labor is a highly influential factor that reduces the performance 462 

of the IC. Hoisting of prefabricated components requires the support of trained and skilled labor. 463 

Otherwise, more time would be required; assembly quality will be downgraded, and many safety 464 

problems may arise. Further, the disruptions due to supply-demand mismatch and outsourcing problems 465 

are also associated with these two phases. Machinery or equipment breakdowns are also allied to the 466 

manufacturing and assembly phases. During the assembly, tower crane and hoist breakdowns are 467 

common. However, having alternative equipment on stand-by incurs unnecessary costs; hence, sound 468 

maintenance agreements are preferred in real practice. Industry market pressures and economic policy 469 

changes are other influential vulnerabilities in these two phases. Besides, quality loss is the most 470 

significant vulnerability that each supply chain phase faces. Beginning from the factory, tolerance issues 471 

should be avoided and require three more inspections of the units as opined by experts. Several trial 472 

liftings and mockups are needed even at the site, with further demands on skilled labor to reduce 473 

vulnerabilities.  474 

The implications of new regulations affect all three supply chain phases since regulatory changes impact 475 

highly on cross-border logistics. As shown in Fig.3., logistics phase is different from the other two 476 

phases since there are distinct vulnerabilities associated with the logistics phase. These include transport 477 

disruptions, including port stoppages. According to the experts, even custom clearance is a complex 478 

task since there are many documents, and it is quite difficult to get permissions for high-technology 479 

items such as modular units. Further, the transportation of oversized precast units needs special 480 

attention. The units are mostly transported during the night using less trafficked routes to avoid 481 

accidents, heavy traffic and other disruptive causes. Therefore, although the vulnerability is slightly less 482 
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in the logistics phase, there are many significant SCV to be addressed in this phase, requiring project 483 

stakeholders' attention.   484 

Dynamics of capabilities in achieving resilient supply chains 485 
To understand the optimal approach for achieving resilient supply chains in IC in HK, various scenarios 486 

were modelled using the system dynamics approach as explicated above. This modelling process 487 

involved two scenarios, (I) evaluating the influence of SCV and SCC using two cases and (II) evaluating 488 

the impacts of various SCC strategies on overall performance. Accordingly, the scenario models were 489 

performed using the SyntheSim Simulate function of the Vensim software. Fig.5. shows the output 490 

generated for supply chain resilience levels in Case A and Case B. As shown in Fig.5., the performance 491 

level of Case A is around 40%, whereas Case B’s performance is more than 50%. There are numerous 492 

reasons behind this significant difference in supply chain resilience values.   493 

[Please insert Fig.5. here] 494 

In Case B, it is possible to identify the proper integration (vertical integration) of supply chain phases 495 

as the main contractor is handling all three supply chain phases under one roof by consolidating supply 496 

chain flexibility. The contractor in Case B has its in-house manufacturing factory in Mainland China, 497 

and they also handle logistics and on-site assembly. Hence, the entire supply chain phases are integrated 498 

with their Building Information Modelling (BIM) based system, enabling collaborative information 499 

exchange among the supply chain members compared to Case A. With this arrangement, there are fewer 500 

disruptions in Case B as it avoids outsourcing of prefabricated components and better co-ordination. 501 

Most importantly, this method facilitates an overwhelming solution for improved quality since tolerance 502 

issues are detected successfully and in advance through this system. Therefore, taking necessary actions 503 

are quicker, avoiding variations and rework. Further, supply chain integration enables production 504 

postponement whenever it is essential and prevents overstocking prefabricated units at sites. 505 

Maintaining an adequate stock at the site is highly crucial since the construction sites in HK are 506 

congested, making on-site logistics more complex. However, Case B is at high risk in ‘risk-sharing’ 507 

due to its integrated supply chain mechanism.  508 

On the other hand, in Case A, the contractor uses an RFID enabled platform for tracking and tracing 509 

the prefabricated units from the manufacturing factory to the assembly. This approach has increased 510 
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real-time visibility of the supply chain and enhanced tracing of supply chain logistics. Also, there are 511 

two quality managers, one assigned at the manufacturing factory and the other at the assembly site, to 512 

avoid quality issues. This arrangement incurred additional costs, while the project was unable to fully 513 

control tolerance issues with this arrangement. In addition, Case A has already faced tower crane 514 

breakdowns during operations which prompted a back-up maintenance agreement with a company. 515 

Although this project has faced safety accidents, they were not severe, as they were near misses, 516 

including dropping segments, small tools, and small equipment. In the IC assembly process, safety 517 

issues arise from lifting operation failures, heavy lifting, untidy and uncomfortable working 518 

environment, installation accidents, and unloading of precast elements (Ekanayake et al., 2020a). 519 

Finally, more or less, all these capabilities and vulnerabilities contributed to achieving resilient supply 520 

chains in both Case A and B, where Case B is leading with its significant withstanding ability of SCV. 521 

However, both the projects need to initiate robust strategies to reach the 100% level of supply chain 522 

resilience, as suggested in the next section of this study.  523 

[Please insert Fig.6. here] 524 

The analysis was next conducted for scenario II, evaluating the impact of each SCC construct on overall 525 

performance. For each of the SCC strategies, implementation levels were raised to 100% to assess their 526 

overall effects on supply chain resilience while maintaining all the other strategies at the baseline levels 527 

(graph of project A), as presented in Fig.6. The baseline scenario of this study yielded approximately 528 

40% of supply chain resilience, as shown in Fig.6. However, all the strategies contributed to increased 529 

resilience. Simultaneously, the results suggested that anticipation can make the highest impact on 530 

supply chain resilience implementation, providing the ability to detect potential disruptions. In this 531 

construct, therefore, there should be adequate provisions for the deployment of tracking and tracing 532 

tools (Li et al., 2018), quality control and intensive training (Ekanayake et al., 2020b). 533 

Further, as separate strategies, all the capability constructs contribute to increasing resilience up to 50%, 534 

which is a significant improvement. The least contribution is towards the construct of dispersion 535 

because IC practices in HK always encourage a greater extent of distributed decision making in their 536 

current practice. Besides, all the SCC strategies' dynamic impact contributes to reaching resilience up 537 

to 90% with the dynamic impacts of SCV as depicted in Fig.6. Perfect performance is only achievable 538 
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with the 100% implementation of all the strategies applicable to the HK context. Moreover, based on 539 

the elicited expert opinions, the case study findings and the simulation results, this study offers the 540 

following strategies to install and/or upgrade supply chain resilience practices in IC in HK as explicated 541 

in the forthcoming section. 542 

Strategies to uptake supply chain resilience in IC in HK 543 

Shortfalls were identified in supply chain resilience approaches and practices in the IC sector. 544 

Unsurprisingly, the industry still suffers from numerous acute supply chain disruptions due to SCV. 545 

Therefore, useful strategies to introduce and/or upgrade supply chain resilience in IC in HK were 546 

solicited from the project professionals (the experts) involved in Case A and Case B using semi-547 

structured interviews during the case study process. The suggested strategies can be explicated as 548 

follows as arising from the case study findings and the simulation results of this research. Moreover, it 549 

is discussed in this section how the identified supply chain vulnerabilities can be tackled and reduced 550 

and how the proposed supply chain capability measures can be strengthened using these strategies as 551 

below. 552 

Development of a smart software package 553 

Building information modelling (BIM) has been widely used in construction processes over the years. 554 

According to the experts, BIM is a must in conducting IC processes efficiently. It enables clash analysis 555 

and provides early warning signals before disruptions occur and even before construction takes place. 556 

Delving deeper, BIM facilitates project planning. In IC supply chains, it enables effective pre-planning 557 

of assembly cycles, assembly mock-ups, and other installation processes to avoid on-site disruptions 558 

and provide a safe working environment. Since construction sites in HK are congested, planning site 559 

logistics requires careful attention. BIM makes this process easier and more effective. Besides, BIM 560 

links all three supply chain phases together by introducing one platform where all the project 561 

professionals can input their contributions, making supply chain processes flexible and visible. 562 

Beginning from detailed production plan development, manufacturing area arrangement, finishing and 563 

storage at the factory can be linked with other supply chain processes to avoid component queuing at 564 

the site and manage production buffer time.  565 
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More recently, linking Radio Frequency Identification (RFID) technology with BIM has improved 566 

supply chain coordination and visibility of material flows, specifically in the pursuit of Industry 4.0 567 

(Chen et al., 2020). Most importantly, this method enables detailed look-ahead plans by deploying 568 

promising opportunities for accurate tracking and matching of dynamic site needs with material supply. 569 

Hence, even the proper integration of BIM and RFID will boost supply chain visibility needed for 570 

resilience in IC. Besides, seamless communication and coordination among multiple stakeholders 571 

through improved information interoperability between supply chain processes will yield another 572 

underlying benefit from this integration. During prefabricated component production, execution, and 573 

control, this BIM and RFID integration will help overcome lack of accurate information, information 574 

misuse, low productivity, weak responses towards changes, excessive resource waste, and enable 575 

component quality certification. Precise selection of prefabricated units and knowing the amount to 576 

transport is essential to avoid disruptive stock management and to maintain appropriate production lead 577 

times, which is possible through RFID assisted BIM implementation.  578 

Further, cross-border logistics between Mainland China and HK will become more efficient through 579 

real-time information visibility and traceability. Supply chain members can track and trace the RFID 580 

readings of prefabricated components throughout the entire logistics. Hence, they can pre-identify 581 

disruptive situations where necessary actions can be taken to avoid delays and excessive queuing. Thus, 582 

it will be easier to address poor information sharing, lack of dynamic control and inefficient supply 583 

chain management through BIM and RFID while realising ‘just in time delivery’ of prefabricated 584 

components. Complex IC site logistics are likely to trigger acute disruptions due to limited space, safety 585 

risks at the site during heavy and high lifting, lack of real-time locations of components, workers and 586 

equipment and ineffective on-site data location. Such on-site disruptions often trigger a series of 587 

problems through the entire project supply chain. Therefore, enabling a BIM and RFID integrated 588 

supply chain communication and coordination platform will encourage effective site coordination and 589 

seamless communication at the site to allow just in time delivery of components. This integration would 590 

enable the precise and visual monitoring of on-site progress and trigger alarms on potential time and 591 

cost vulnerabilities. Error-free assembly and improvement of on-site productivity are also allied with 592 
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these technological advancements. In addition, mobile checkpoints and mobile checking, which are 593 

available with this system, add more flexibility to the IC process.  594 

Linking Geo-Information System (GIS) to an integrated BIM system would significantly improve 595 

emergency response and crisis management in IC supply chains (Irizarry et al., 2013) with its improved 596 

visual monitoring ability and supply chain traceability. For example, proper vehicle scheduling without 597 

vehicle queuing or buffering and error matching between tractors and trailers is feasible with this 598 

technology in IC. Further, disturbance-free and waste-free task allocation, including task allocation to 599 

vehicle drivers, are added to the associated merits. Most importantly, real-time traceability of vehicles 600 

facilitates accurate and frequent vehicle tracking, identifying and assessing road traffic, and timely 601 

determination of vehicle breakdowns or delays at supply chain points. Therefore, these SCC 602 

demonstrate success in withstanding associated SCV in IC in HK while clearing avenues towards 603 

supply chain resilience.   604 

In a recent development, Min (2019) identified that the integration of ‘Blockchain’ concepts with supply 605 

chain management offers promising accountability and visibility to supply chains. Further, blockchain 606 

technology enables data security in the supply chain process. Hence, the integration of BIM and 607 

blockchain will enhance the IC supply chain process's data security by providing an innovative 608 

collaboration platform for IC project professionals. Besides, this arrangement would enhance financial 609 

security and improve cash flow by enabling smooth and certain cash flow management and milestone 610 

payment arrangement systems. It would be easy to track materials offsite, work done, and materials on-611 

site through the system and provide healthy cash flows for contractors without payment delays.  612 

Therefore, introducing a BIM+RFID+GIS+Blockchain integrated software package would be highly 613 

beneficial for enhancing supply chain resilience in IC while offering promising avenues to improve 614 

SCC of involved organizations. Further, this novel integrated system will enable quality assurance and 615 

frequent quality checking through online inspection. Tolerance issues will be better controlled with this 616 

enhanced supply chain management, which would effectively withstand associated vulnerabilities. 617 

Further, remote inspection and record-keeping will also be advantageous since this avoids liability 618 

issues and provides frequent testing of concrete components, plumbing and drainage network, 619 

waterproofing, and joints. In addition, planning time for quality checks, enabling adequate buffers, and 620 
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efficient resource allocation (e.g., inspectors) are also feasible with reduced disruptions. Online 621 

inspection is critical during this Covid-19 pandemic situation. Indeed, a technical circular issued by 622 

Building Department on 07 Feb 2020 was on adopting online inspection. Therefore, the envisaged smart 623 

software package would be useful not only in conducting important online inspections but also in quick, 624 

collaborative decision making based on inspection outcomes to overcome disruptive triggers in IC. 625 

Therefore, based on the relevant literature, opinions of industry experts, and case study findings, this 626 

study identifies the development and use of a smart software package to manage IC supply chains as 627 

the first initiative to enhance IC supply chains' resilient capacity in HK. 628 

Enhance interoperability of software used  629 

While the aforementioned smart software package is vital in achieving supply chain resilience in IC, 630 

interoperability of this software should be enhanced to realize the targeted benefits. For instance, 631 

blockchain technology is relatively new to the construction industry, and the developed software is 632 

limited. Therefore, these software packages should be customized as appropriate to the IC context and 633 

should match existing software in use. An organizational software system's capacity should be adequate 634 

to share, exchange, and use supply chain information without causing disruptions such as system 635 

breakdowns, data loss or misinterpretations. The most challenging task here is integrating all these 636 

useful software with the organizations’ existing enterprise resource planning systems. Therefore, there 637 

is a need to enhance the interoperability of the software used, encouraging supply chain resilience in 638 

IC.  639 

Extensive use of appropriate technology 640 

As a result of higher labor cost and loss of skilled labor in HK, IC components' manufacturing is done 641 

in Mainland China. In these circumstances, automated production lines will make the supply chain 642 

process more resourceful and efficient. Since computer-aided-design, robotic arms and laser cutting 643 

techniques are available in general; this study suggests developing and deploying suitable computer-644 

aided manufacturing, labor robots, and automated manufacturing processes to enhance resilient 645 

practices in IC itself. On the other hand, it is worth reducing accidents and enhancing site safety. 646 

Providing adequate appropriately positioned cameras to oversee tower crane operations, arranging high-647 

resolution cameras to have clear images of lifting and site storage, frequent monitoring through mobile 648 
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phones and laptops, structurally designed anchorage points, auto-retractable harness to reduce the risk 649 

of fall and increase maneuvering would add adequate safety and security to reduce potential threats.  650 

Besides, planning for on-site installation phase is the biggest challenge as it involves the high lifting of 651 

extensively heavy materials. Therefore, trial lifting and a considerable number of mockups should be 652 

conducted to avoid tolerance issues and safety hazards. In line with this scenario, artificial intelligence 653 

and virtual reality techniques can be applied to perform simulations. This will reduce safety hazards 654 

and on-site mockups. Further, these simulation models can be used to train labor since intensive training 655 

is required for skilled labor engaged with on-site installation of prefabricated components to avoid 656 

safety hazards and improve work efficiency.   657 

Maintaining in-house prefabrication yard and increased use of modular units 658 

According to the findings of system dynamics modelling, and as explicated above, the organization 659 

with its prefabrication yard is more resilient to SCV than the other. In the case studies, the higher the 660 

vertical integration, the lower the cost implication, lower the outsourcing and lower the vulnerability 661 

level. On the other hand, more demand for and use of modular units reduces construction duration, labor 662 

cost, and workmanship issues while increasing quality, site safety and environmental protection. 663 

Further, as modular integrated construction is a recent innovative development in HK, if an organization 664 

can fulfil the current market demand, it will enhance the organizational capacity, market position and 665 

reputation for customer satisfaction, all of which are clearly needed to absorb industry and market 666 

pressures. 667 

Uptake policy support 668 

Implementation of these supply chain management strategies is not possible without policy support (Liu 669 

et al., 2018). That is why researchers examined the impact and effectiveness of policy support towards 670 

achieving supply chain resilience in different industries (Mancheri et al., 2019; Liu et al., 2018). 671 

Therefore, it is clear that promotional policies should be influential in achieving supply chain resilience 672 

in IC in Hong Kong, although this is not yet explored to date. These policy drivers and enablers could 673 

arise from regulative policies, which could be based on public procurement law, mandatory government 674 

policies, and housing policies, IC policies; standardised policies of regional prefabricated construction 675 

standards, design level standards, quality standards, technical and construction method standards; 676 
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managerial policies of risk management, research and development, safety policies, performance 677 

management and supply-chain policies; and sustainable policies of green construction, waste 678 

management, environmental conservation, carbon emissions mitigation, and energy conservation. The 679 

above policy implications are expected to encourage and promote supply chain resilience uptake and 680 

improvements in IC in HK.  681 

Conclusions, limitations and ways forward 682 

This study was formulated to investigate the dynamic impact of SCV and SCC in achieving supply 683 

chain resilience in IC in HK. First, this study identified the level of vulnerability of each supply chain 684 

phase of IC through social network analysis modelling. Accordingly, the on-site assembly phase is the 685 

most vulnerable to the associated SCV, and the logistics phase faces identical SCV compared to the 686 

other supply chain phases. Then, this study developed a causal loop diagram, stock and flow diagram, 687 

and ran the simulation using system dynamics modelling to investigate SCC dynamics in realizing 688 

resilient supply chains in IC. The study found that there is still room for improvement under the SCC 689 

of anticipation, flexibility, financial strength, and resourcefulness, indicating that their practice should 690 

be improved and would then be highly influential in fulfilling resilience requirements. Visibility, 691 

efficiency, capacity and adaptability show their moderate influence targeting resilience. At the same 692 

time, dispersion was perceived to have the least requirement for improvement as the industry has 693 

already employed dispersion measures to a greater extent in current practice.   694 

Two comparative case studies conducted using two real-time IC projects enabled identifying and 695 

appraising the real-life practices of IC supply chains in HK. The findings suggested that Case B is more 696 

resilient than Case A because of the supply chain's inherent capabilities, such as vertical integration, 697 

less outsourcing, higher modular product design, higher safety and security, and the use of innovative 698 

technology. Besides, it was found out that there is a more structured and focused long-term approach 699 

needed to achieve supply chain resilience in IC; hence, the first set of useful strategies were proposed 700 

to move forward. These strategies comprise: (i) development of a smart software package, (ii) enhance 701 

interoperability of software used, (iii) extensive use of appropriate technology, (iv) maintaining in-702 

house prefabrication yard and increased use of modular units, and (v) uptake policy support. 703 
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Reinforcement of these strategies would facilitate robust approaches to develop more resilient supply 704 

chains with its associated benefits of value and performance enhanced supply chains in IC in HK.  705 

Although this study offers a significant contribution to the IC knowledge domain, some perceived 706 

limitations of this study are worth noting. The sample size of 76 was fully justified in the research 707 

method section. Still, a bigger sample size may facilitate more sensitive models as the optimal sample 708 

size cannot be precisely determined. The results are based on two comparative case studies in HK due 709 

to time resource and access constraints. More projects can be included in the sensitivity analysis to 710 

generate better and more comparable results. Further, the nature of supply chains and their dynamics 711 

differ in diffrent industrial contexts and jurisdictions. Also, the length of supply chains can impact on 712 

the resilience, e.g., shipping products from Mainland China to HK is different to shipping from 713 

Mainland China to North America. Hence, the developed models are the best fit for the IC context in 714 

HK. Given HK’s specific socio-economic background, these models' parameters and calibration cannot 715 

be directly generalized for other cities. However, similar studies may be replicated in other country 716 

contexts and industry contexts by following the now proven research methodology initiated and 717 

proposed in this research to ascertain the generalized results while drawing lessons to be learned from 718 

different country contexts. On the other hand, this study presents an overall picture of the IC supply 719 

chain process without focusing on specific IC categories or types (such as precast construction, 720 

prefabricated components assembly, modular integrated construction). This is because during the 721 

survey and the interviews, authors asked all the experts to provide their responses based on their overall 722 

experiences in IC projects in HK, which should cover all types of IC products used in HK. Therefore, 723 

this fundamental, hence essential first study can next be further built upon to focus separately on each 724 

IC category to generate more specific research outcomes in each IC ‘sub-sub-sector’ if IC is taken as a 725 

sub-sector of the HK Construction sector.’ 726 

Further, this data collection was conducted just before the emergence of the Covid-19 pandemic 727 

situation. Therefore, similar system dynamics modelling can be undertaken to determine the impact of 728 

Covid-19 on IC supply chains in HK itself, when resilience imperatives may increase while conditions 729 

may also change. Furthermore, in future studies, similar simulations should be conducted to update the 730 

knowledge domain of supply chain resilience in IC while proposing robust and timely strategies to 731 
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boost resilient practices with policy-makers and industry leaders' support. Besides, supply chain 732 

resilience aspects can be linked with construction firms' organizational behavior and behavioral aspects, 733 

which could be another substantial research direction to conduct dynamic simulation studies. Moreover, 734 

the potentially cascading impacts of all SCV, together with strategies to balance the system 735 

interdependencies and these cascading impacts, could be developed, modelled, and analyzed using real 736 

case studies to develop more robust results. Although this may initially seem like a complex 737 

combination of daunting tasks, such exercises could draw on examples from the methodology 738 

developed in this study.  739 

System dynamics modelling has been used in a few previous studies to analyze supply chain disruptions. 740 

Still, those studies were limited to assessing the dynamic impact of one of the SCV, or a few of SCV 741 

and, hence, lacked consideration of the supply chain's entire dynamic system with its influential SCV 742 

and SCC. The other available supply chain resilience models do not even consider the dynamics of the 743 

entire supply chain system and are not validated through such real-time case studies. Besides, there is 744 

no known attempt to develop a dynamic supply chain resilience model in IC or even in the construction 745 

industry. Therefore, this is the first study conducted to assess the dynamics of the entire supply chain 746 

system considering the interactions and combined impacts of both SCV and SCC. In this regard, this 747 

study significantly contributes to the supply chain resilience knowledge domain by initiating system 748 

dynamics modelling in supply chain resilience analysis. Indeed, this study contributes significantly to 749 

research in prefabricated construction by proposing the first dynamic assessment model of supply chain 750 

resilience targeting value-enhanced IC supply chains. 751 

Moreover, the model developed for assessing supply chain disruptions in each supply chain phase is 752 

the first application of social network analysis in the supply chain resilience knowledge domain in 753 

vulnerability analysis. Furthermore, this is the first attempt to assess each IC supply chain phase's 754 

vulnerability level. Besides, proposing the first set of useful strategies to uptake and improve resilience 755 

in IC supply chain practices is highly beneficial to uplift project performance. Therefore, this study 756 

substantially contributes to the theoretical and practical knowledge creation and dissemination in supply 757 

chain resilience in IC research domains. Finally, this study confirms supply chain resilience to be a 758 

timely and important imperative for developing policy and strategic objectives and protocols to boost 759 
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supply chain performance in IC in HK, as well as other jurisdictions or countries where construction 760 

industries now face acute challenges due to totally unforeseen and unprecedented disruptions that have 761 

significantly aggravated existing performance shortfalls.   762 
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 1039 
Table 1: Descriptive statistics of the determinants of supply chain resilience 1040 
 1041 

No Code Construct Mean N-Value Score 
% for 
SNA 

Rank 

1 SCV Supply Chain Vulnerabilities     
1.1 ESCV Economic SCV 2.91 0.00 33.3 5 
1.2 TSCV Technological SCV 3.25 0.72 20.4 2 
1.3 PSCV Procedural SCV 3.23 0.67 22.2 3 
1.4 OSCV Organizational SCV 3.39 1.00 11.1 1 
1.5 PBSCV Production-based SCV 3.22 0.65 13.0 4 
       
2 SCC Supply Chain Capabilities     
2.1 RES Resourcefulness 4.05 0.07 - 8 
2.2 FLE Flexibility 4.10 0.40 - 4 
2.3 CAP Capacity 4.12 0.53 - 3 
2.4 ADA Adaptability 4.06 0.13 - 7 
2.5 EFF Efficiency 4.19 1.00 - 1 
2.6 FIS Financial Strength 4.18 0.93 - 2 
2.7 VIS Visibility 4.04 0.00 - 9 
2.8 ANT Anticipation 4.09 0.33 - 5 
2.9 DIS Dispersion 4.07 0.20 - 6 
       
3  Supply Chain Phases     
3.1 MAP Manufacturing Phase 4.12 0.41 37.5 2 
3.2 LOP Logistics Phase 3.87 0.00 21.4 3 
3.3 OAP On-site Assembly Phase 4.48 1.00 41.1 1 
Note: N-Value– Normalized values of construct means; SNA-Social Network Aanalysis 
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Table 2: Descriptions of the model variables 1043 
Variable Name and Abbreviation  Variable Name and Abbreviation  
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Resourcefulness  RES Economic SCV  ESCV 
Personnel security PeSe Exchange rate fluctuations ERF 
Collaborative information exchange & 
decision making CIED Price fluctuations PF 

Collaborative forecasting CoF Liability claims LC 
Cyber-security CyS Cost overrun CO 
Obtain more competitive price from suppliers 
and subcontractors OCPS Industry/market pressures IMP 

Multiple sources/suppliers MuSS Information misuse IM 
Maintaining buffer time MBT Economic policy changes EPC 
Flexibility  FLE Technological SCV  TSCV 
Vertical integration VeI Technology failure TF 
Production postponement PrU IT system failure ITF 
Alternate distribution channels/multimodal 
transportation AlTT Inadequate IT systems InITS 

Modular product design MPD Information loss IL 
Multiple uses MuI Variations/rework VR 
Risk pooling/sharing RiPS Procedural SCV  PSCV 
Capacity  CAP Safety issues SI 
Back-up equipment facilities BEF Implication of new laws/regulation ILR 
Redundancy ReD Systems/machines breakdown  SMB 
Consequence mitigation CoN Transport disruptions including port stoppages TDIP 
Effective communications strategy ECOMMC Physical damage to the buildings/accidents  PDB 
Professional response team PIO Organisational SCV  OSCV 
Adaptability  ADA Communication breakdown/issues CBI 
Strong reputation for quality SRfQ Loss of skilled workforce LSW 
Lead time reduction LtR Disruptions due to outsourcing DDO 
Faster delivery FaD Inadequate supplier selection ISS 
Close and healthy client-contractor 
relationships CHCR Production-based SCV  PBSCV 

Fast rerouting of requirements FRoR Quality loss QL 
Efficiency  EFF Supply-demand mismatch/shortages SDM 
Failure prevention FaPr Labour strikes LS 
Avoid variations/rework AVR Resilient supply chains in IC RSCIC 
Higher labour productivity HLP Financial Strength  FIS 
Waste elimination WaE Good price margin GPM 
Learning from experience LfE Portfolio diversification PoD 
Visibility  VIS Financial reserves and funds FRaF 
Efficient IT system & information exchange EIiE Good insurance coverage GIC 
Business intelligence gathering BIG Anticipation  ANT 
Products, assets, people visibility PAPV Deploying tracking and tracing tools DTTT 
Dispersion  DIS Monitoring early warning signals MEWS 
Distributed decision making DeDM Alternative innovative technology development AITD 
Cross training/intensive training CTIT Quality control  QuC 

 1044 
Table 3: Details of the selected cases 1045 

Features Description 
Case A Case B 

Project Type New built public housing  New built public housing 
Usage Subsidized sale flats Subsidized sale flats 
Project duration 24 months 26 months 
Scope of construction 36 floors with amenities 37 stories with amenities 
Location Tiu Keng Leng Queen’s hill 
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