<@ sustainability

Article

A Comprehensive Risk-Assessment Method for Prefabricated
Buildings Using EPC: A Case Study from China

Manman Xia !, Lemeng Zhao ?* and Li Zhao !

check for
updates

Citation: Xia, M.; Zhao, L.; Zhao, L.
A Comprehensive Risk-Assessment
Method for Prefabricated Buildings
Using EPC: A Case Study from China.
Sustainability 2022, 14, 1910. https://
doi.org/10.3390/5u14031910

Academic Editor: Asterios Bakolas

Received: 17 December 2021
Accepted: 3 February 2022
Published: 8 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Research Center for Digitalized Construction and Knowledge Engineering, Institute of Engineering
Management, School of Mechanics and Civil Engineering, China University of Mining and Technology,
Xuzhou 221000, China; xiamanman@cumt.edu.cn (M.X.); zhaolicumt@126.com (L.Z.)

School of Architectural Engineering, Guangzhou Institute of Science and Technology,

Guangzhou 510000, China

*  Correspondence: smcezhaoli@126.com

Abstract: The prefabricated building has been proven to be an effective approach for enhancing the
sustainability of the construction industry. In recent years, the Chinese government has promulgated
a series of policy documents to promote the advancement of prefabricated buildings. However, in
practice, there are still numerous problems related to design, production, and construction, as well as
the coordination between various stages. This study aimed to fill the gap in research regarding the
application of EPC (Engineering—Procurement—Construction) in prefabricated buildings in China.
As most of the risks of projects are borne by general contractors in the EPC mode, the risks faced
by prefabricated building projects using EPC were systematically analyzed in this study from the
perspective of general contractors. After learning about the risks of assembly construction in different
countries, this study conducted a questionnaire survey to establish an evaluation system, and a
comprehensive evaluation method was put forward to determine the weight of each indicator. Fur-
thermore, an evaluation model based on grey—fuzzy theory was developed in this study, which was
applied to a real project in Nanjing, China. The results indicated the applicability of the established
evaluation system and model and determined the risk level of the project. Additionally, in this
case study, it was found that construction and design were the major factors determining the risk
level of the project. This study contributes to the body of knowledge regarding the integration of
EPC in prefabricated buildings, which has practical application value for general contractors when
conducting risk assessments.

Keywords: prefabricated building; EPC; risk assessment; grey—fuzzy comprehensive evaluation
method; case study

1. Introduction

Prefabricated building, also known as industrialized or modular building, has a wide
range of connotations. On the one hand, it is an innovative method to move part of the
work from a construction site to a factory [1,2]. The components are mass-produced and as-
sembled on-site to form the final buildings. On the other hand, the assembly-built approach
represents the integrated capabilities of the construction supply chain [3,4]. Compared
with traditional cast-in-place buildings, it is universally acknowledged that prefabricated
buildings can improve production efficiency, shorten project duration, and reduce energy
consumption [2,5,6]. As one of the main pillar industries in China, the construction industry
has been growing rapidly in recent years [7], while also posing great challenges such as
overwhelming amounts of waste generation and increasing resource consumption [8,9].
As a result, prefabricated buildings have been considered a sustainable practice in the
construction industry [10], which can benefit China by improving environmental sustain-
ability, achieving higher quality, and enhancing construction innovation [11]. Since 2016,
national and local governments have successively introduced policies to promote their
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advancement. For example, the Chinese government has required that the proportion of
prefabricated buildings in new construction be increased to 30% by 2026 [12]. However, so
far, it is striking to note that the proportion in existing building is still comparatively low,
only about 5% [13].

In recent years, a growing number of practitioners in China’s construction industry
have recommended integrating design and construction (e.g., DB) in projects [14]. In 2016,
the “Several Opinions on Further Strengthening the Management of Urban Planning and Construc-
tion” issued by the State Council set important goals for promoting prefabricated buildings.
It emphasized that the EPC mode should be the focus of construction project manage-
ment, which provided a new direction for the innovation of prefabricated buildings [15].
EPC (Engineering—Procurement—Construction) is an internationally accepted construction
project organization and implementation model [16]. The general contractor is responsible
for the design, procurement, and construction of the whole project, and finally delivers it
to the developer in good condition [17]. In other words, the general contractor has almost
total management of a project. Different from other contracting modes, the EPC mode can
effectively promote modernization, specialization, and integration, which can solve prob-
lems of cohesion difficulties (e.g., different stages, specialties, technology, and management)
in the construction industry [16-18]. However, the supply chain involves multiple stages
in prefabricated buildings, including design, production, transportation, and hoisting; any
disruption that occurs at the upper part of the supply chain affects subsequent stages [19].
These construction activities form a complex system in the precast supply chain, leading to
the need for a systematic management mode. Accordingly, the adoption of the EPC mode is
a targeted way to solve the obstacles in the development process of prefabricated buildings.
In this way, the manufacturing and assembly processes can be systematically considered
from the design stage. Furthermore, the organization of general contract management
guarantees the integration of prefabricated building design, production, and construction,
which is conducive to the realization of lean construction [14,15]. Therefore, for prefabri-
cated buildings, the application of the EPC mode is not only a national policy requirement
but also an inevitable measure for them to achieve high-quality development in the future.

As a new construction method, prefabricated buildings have brought forth oppor-
tunities and challenges to the construction industry. As of today, the development of
prefabricated buildings in China is still in its infancy [20]. A few barriers remain in promot-
ing prefabricated buildings in China’s architecture, engineering, and construction (AEC)
industry, such as incomplete policies and regulations, immature market cultivation, an
imperfect industrial chain, and inadequate construction technology [21]. A review of the
literature on prefabricated buildings in recent years has revealed several gaps, including:
(1) existing studies have targeted the risks of prefabricated buildings in China and rarely
linked them to the EPC mode; (2) the professional understanding of the risk perception of
the EPC mode has been insufficient, despite many risks having been identified in previous
studies; and (3) there have been limited assessment methods for prefabricated buildings
using EPC.

Given these research gaps, this study aimed to investigate the risk perception of pro-
fessionals regarding prefabricated buildings when adopting EPC in China, after referring to
the situation in other countries (this study focuses on the prefabricated concrete structure,
which is a very popular structural form in the development of prefabricated buildings
in China). The main objectives of this study were: (1) to identify major risks involved
in the adoption of EPC in prefabricated buildings; (2) to establish a relatively complete
prefabricated building risk-assessment system for the EPC mode by obtaining the views
of Chinese practitioners; (3) to construct a comprehensive risk-evaluation method with
grey system theory. Moreover, the method was applied to a real project to conduct a risk
assessment and determine its risk level. The risk-evaluation system applicable to prefab-
ricated buildings using EPC that was established in this study can be used as a checklist
for stakeholders to identify potential risks. Using the comprehensive evaluation method,
the impact of different risks can be calculated, which fills a significant gap in the body of
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knowledge regarding risk assessment. Such a method has a practical application value, in
that it can help general contractors focus on critical risks that may be encountered in actual
assembly projects. Moreover, the findings may be useful for general contractors to seek
ways to hedge the risks of prefabricated buildings under the EPC mode in both developed
and developing countries.

2. Literature Review
2.1. Implementation of Prefabricated Buildings in China

The earliest research on assembly technology in China can be traced back to the
1950s, when a large number of prefabricated concrete frames were formed [22]. By the
1980s, the application of prefabricated concrete buildings reached its peak, and industrial
construction models integrating design, production, and installation were implemented
in many places [22]. However, due to limitations and deficiencies in their function and
physical properties, they were gradually replaced by cast-in-place buildings in the mid-
1990s. In recent years, the Chinese government has put forward modernized, productive,
and environmentally sustainable concepts in its new urbanization movement [4]. In 2016,
in addition to determining the proportion of prefabricated buildings in new construction in
the following ten years, the State Council also required that their implementation should
be accelerated according to the conditions of the local area (key promotion areas—cities
in the Yangtze River Delta; active promotion areas—cities with a permanent population
of more than 3 million; and encouraged promotion areas—other cities). For example, a
pilot residential construction project has reached a prefabrication rate of between 50% and
70% in Shanghai [23]. Although the government has taken active measures to promote
it, the development of prefabricated buildings in China is still in its infancy, as indicated
by Hong et al. [20]. According to Jiang et al. [1,2], there are obstacles to the adoption of
prefabricated buildings in China, for example, the lack of codes and standards, as well as
incomplete policies and regulations.

2.2. Implementation of EPC in Prefabricated Buildings

Assembly construction is a complicated engineering system, which involves many
participants (e.g., developer, designer, manufacturer, and contractor) from the initial design
of the components to final installation [24]. There is no doubt that multistakeholder interac-
tion will increase the difficulties of management. Besides, adopting assembly construction
is more prone to the problem of the information transmission chain being too long to
share enough information among multiple project parties [5]. Therefore, integrated project
delivery (e.g., EPC) could be a potential approach to overcome these barriers in fragmented
construction [25].

In contrast with the traditional project management mode, EPC is suggested by many
scholars as a managerial strategy that could enhance prefabricated building practice [14,15].
It is an effective way to promote full-process management and improve the multistake-
holder collaboration in prefabricated buildings [26]. Furthermore, Jin et al. [27] posited
that this mode could integrate the upstream and downstream labor divisions and con-
nect the project’s whole construction process into a complete chain. By adopting the EPC
mode in an assembly project, the developer only focuses on achieving the intended goals.
Functional planning, delivery standards, design, manufacture, procurement, assembly, and
other tasks are all completed by the EPC general contractor, indicating that this method can
provide systematic support to prefabricated building implementation [27,28]. The general
contractor takes on the leading role in the design and comprehensively coordinates the
manufacture and assembly as it pertains to the overall objective of the project [29], which
can avoid the split construction of prefabricated buildings.

2.3. Risks Involved in Prefabricated Buildings

With the continuous development of prefabricated buildings, the barriers encountered
in their implementation have also attracted extensive attention. More and more scholars
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have carried out research on prefabricated buildings in both developed and developing
countries. For example, Razkenari et al. [30] provided an understanding of the development
of the offsite construction industry in the United States. They used a SWOT framework
to analyze the strengths and weaknesses of adopting assembly construction as well as the
opportunities and threats. Nadim and Goulding [31] argued that the European construction
industry’s reluctance to adopt the assembly method is largely due to past unsuccessful
experiences. In several developing countries, 30 constraints on prefabricated buildings
were considered by interviewing 75 construction practitioners in the Cambodian context
(including six categories: methodology, cost, culture, skill, supply chain, and site opera-
tions) [32]. Rahimian et al. [33] elaborated on offsite construction in Nigeria and concluded
that the implementation rate in the local area was still quite low. They pointed out that
this had been affected by a lot of risks, such as negative local perceptions of prefabricated
buildings, resistance, and insufficient technical capacity.

After observing the current development of prefabricated buildings in other countries,
a number of studies have been launched to reveal the problems facing the promotion of
prefabricated buildings in China. Jiang et al. [2] performed a SWOT analysis to gain a
deeper understanding of the status quo of prefabricated buildings in China by conducting
a detailed literature review and semistructured interviews. Similarly, Jiang et al. [1] also
laid emphasis on the main factors hindering the development of prefabricated buildings
in China. They all generically analyzed the risks of implementing prefabricated buildings
in China. Additionally, several studies have looked at the risks in more detail. According
to previous research works, prefabricated buildings could incur a total additional cost of
about 300-500 RMB per square meter in the design and prefabrication stage compared to
conventional construction methods [22,34]. Hence, the higher initial investment is one of
the most noticeable risks for prefabricated buildings [20,34]. As Jiang et al. [1,2] argued,
the adoption of prefab constructions is a significant revolution in the construction industry,
which has an impact on technology, management, and organization [3-5]. Currently, there
are only a few practitioners with professional knowledge among participants. The lack of
highly skilled personnel has become a bottleneck restricting the spread of prefabricated
buildings in China [35-37]. In addition, the traditional project process has taken center stage
in the construction industry, which is unsuitable for constructing prefabricated buildings.
Gan et al. [3,4] suggested that stakeholder collaboration is one of the key risks of promoting
prefabricated building development. Xue et al. [6] attempted to explore the relationship
between stakeholder cooperative management and the cost performance of prefabricated
buildings. Stakeholder collaborative management has a positive effect on cost performance,
which is, in turn, the driving force of stakeholder cooperation [3—6]. Table 1 shows most
(though not all) of the risks involved in prefabricated buildings.

Table 1. Risks involved in prefabricated buildings.

Risk Description Resource
Lack of government incentives, directives, and promotion; inadequate
. . [22,30-34]
policies and regulations
Immature development leading to a lack of market acceptance [1-4]
Lack of knowledge and expertise and low levels of skilled labor [3,4,22]
Higher initial investment [20-22]
Inappropriate design codes and standards for prefabricated buildings [32]
Dependence on traditional construction methods [30,32,33]
Lack of a quality-monitoring mechanism [34]
Poor cooperation between internal and external stakeholders [3-6,35]

Accordingly, it is easy to ascertain the current condition of China’s prefabricated
buildings by referring to the literature. Like other developing countries, the government
still plays a pivotal role in the whole construction process, and taking any action may bring
uncertainties to projects [38,39]. Due to the lack of expertise and experience, and the huge
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investment required, participants are unable to inspire enthusiasm for the prefabrication
method and they prefer to adopt the traditional cast-in-place method to reduce costs [20,21].
Meanwhile, assembly projects have not formed a complete construction supply chain
because of these aforementioned factors, and stakeholders are separated from each other
thanks to difficulties achieving adequate communication. In conclusion, the risks of the
development of China’s prefabricated buildings mainly center on policy, the market, and
enterprise capacity.

2.4. Risks Encountered in EPC

EPC is a general contracting mode developed in practice, which is suitable for large
industrial and infrastructure projects [40]. Despite the potential benefits of adopting EPC
in construction projects, such as high investment efficiency, low total cost, and guaranteed
project duration [41-43], its potential risks (e.g., large investment scale, high proportion
of procurement cost, time overrun, and greater workload in the early stage) should also
be noticed.

Compared with the traditional contract mode, where the owners provide the design
and the contractors carry out the construction activities alone, the general contractor under
the EPC mode undertakes almost all the responsibilities, from the design and procurement
to the construction [44,45]. In terms of risks, the number borne by the general contractor
increases significantly. Pekings [46] and Hale et al. [18] pointed out that EPC projects
typically encounter risks in the course of their evaluation, financing, design, procurement,
construction, and the interfaces of these components. As there are multiple subcontractors
in EPC projects, Pal et al. [47] investigated how various relationships with subcontractors
can affect project performance. They believed that cooperation, trust, and continuous
improvement across different relationships are critical factors that can decide the success of
EPC projects to a great extent.

The adoption of the EPC contracting mode in China came later than in some developed
countries. Moreover, Chinese enterprises lack general EPC project contracting experience
and risk-control systems in theory and practice. On the basis of the literature, Gao and
Wang [48] determined the main risks faced by general contractors through case analysis and
proposed specific prevention measures for the four stages of bidding, design, procurement,
and construction. Additionally, interface management (IM) has appeared as an effective
strategy that can promote communication and coordination between diverse parties in EPC
projects [42,49,50]. Given the complexity and uncertainty, Yang et al. [43] conducted a path
analysis using data from the construction industry. The results indicate that partnering
both systems can directly enable IM to improve project performance and exert a positive
influence on risk management in EPC projects. Moreover, previous studies have shown
that about 80 to 90 percent of construction projects face delays [51], and those adopting
EPC models are usually more complex. Therefore, delays are one of the most important
risks that EPC projects must consider. Accordingly, the risks of EPC projects are displayed
in Table 2.

Table 2. Risks of EPC projects.

Risk Description Resource
Uncertain circumstances; complex economic and political environment [37-40]
The strengths of EPC contractors are mainly in construction, whereas
their capability gaps are usually related to engineering and [39,40]
procurement
Rising price of materials and equipment [16,41,42]
Exchange rate fluctuation [40,42]

Complicated interfaces and concurrent engineering, procurement, and
construction make it more challenging
Some factors contribute to delays [51]

[38,42-44]
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In fact, as an international management mode, EPC projects involve more risks than
those mentioned above. The EPC mode transfers most of the risks in the project from
the owner to the general contractor [52]. In terms of risk management, the general con-
tractor mainly undertakes risks at different levels. Therefore, for contractors, information
technology should be applied to establish a management system to realize dynamic risk

management based on the database.

3. Methodology

As Fellows and Liu [53] pointed out, triangulated studies involve two or more research
techniques. For example, the combination of qualitative and quantitative approaches to
study a topic can produce persuasive insights and results. Therefore, this study adopted a
combination of several methods. The methodology framework for the study is shown in

Figure 1.

B [Cussiomae]
| Identify the risks of |}
i | 5| |prefabricated building | |
1 — 1
: g : Get the initial Screen key \ Get the final
| B : risk list risks risk list
I Identify the risks of |,
v =) EPC mode 7

Select risk assessment |Weights combination method Establish a grey fuzzy

method

(AHP-Shannon) assignment

comprehensive evaluation

v

I Determine the weights |

A case study I—_-’i

| IDetermine the risk level |

N

e

_______________

Figure 1. Methodology framework of risk assessment for prefabricated building using EPC.

e  Task 1: Ascertain the risks of prefabricated building with EPC. Firstly, risk indicators
were identified based on relevant literature. Secondly, questionnaires were sent to
personnel with engineering-related experience to optimize these indicators. The details

of Task 1 are presented in Section 4.1.

o  Task 2: Establish a comprehensive risk-assessment method (AHP-EWM). Firstly, this
study illustrated a method for determining weights, which considered both subjective
(AHP) and objective (entropy) weight information. Secondly, a risk-assessment method
was constructed based on the principles of grey—fuzzy comprehensive evaluation.

Section 4.2 demonstrates the details of Task 2.
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e  Task 3: Based on the risk-assessment method obtained in Task 2, this study determined
the combined weight of the indicator in Task 1 in a real project and used grey—fuzzy
theory to assess its risk level. The details of Task 3 are presented in Section 5.

4. Implementation Risk Assessment
4.1. Risk-Assessment System

The risk-assessment system is a systematic group composed of many interrelated
indicators that can help EPC project general contractors gain a clear insight into different
risks. With the available information provided by the system, general contractors tend
to make more scientific decisions. In addition, the risks of prefabricated buildings using
EPC are diverse and complex, making it hard to establish an indicator system. Whether
the risk-assessment system can be established reasonably and accurately plays a significant
role in the evaluation results. In light of this, before creating the system, a relatively rigorous
thought process was required in this study. Figure 2 illustrates a holonomic plan for setting up
this risk index system. Based on an exhaustive review of the literature, an initial risk list was
developed in this study. Next, through the investigation of front-line practitioners and data
analysis, the initial risk list was revised to obtain a more reasonable risk-evaluation system.

Mathematical
statistic analysis
Initial _| The final risk
risk list index system
| Questionnaire
survey

Figure 2. Process of constructing risk indicators of prefabricated buildings with EPC.

4.1.1. Risk Identification for Prefabricated Buildings with EPC

The risks involved in prefabricated buildings with EPC are of a dual nature. Hence,
during risk identification, not only the project risks of prefabricated buildings but also the
special attributes of the EPC system should be considered.

Based on the abovementioned literature, there are few studies directly related to the
risks of prefabricated buildings with EPC. Two types of literature were mainly referred to in
this study to ensure quality: the first concerned EPC general contractors, while the second
was related to prefabricated buildings. Keywords such as “EPC”, “Prefabricated”, “Risk”,
“Factor”, and “General contractor” were selected from the relevant literature published
in the “Web of Science”, “Scopus”, and “El” resource databases. In order to limit the
search criteria, a 10-year publication window was set. After looking up these references,
the identified risks were extracted. Because of the varying risk classification standards
of each piece of literature, some risks were expressed differently but referred to the same
concepts. For example, “insufficient strength of precast components” and “dimensional
deviation of precast components” were merged into “quality defect of precast components”.
Therefore, these risks needed to be further sorted out. After addressing this problem, a
total of 30 related risk indicators were obtained, as shown in Table 3.
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Table 3. Risk items associated with implementing prefabricated buildings with EPC.
Number Risk Indicator Description References
1 Inflation The effects of price level and currency [39,40,54]
purchasing power decline
Including size deviation, insufficient
5 Quality defects of strength, and reserved embedded [55]
precast components parts; specifications do not meet
the requirements
Owner’s requirements, insufficient
3 Design changes design capabilities, or <fhstort1on of [6,14]
survey data leading to
design modifications
4 Adverse weather Floods, rainstorms, typhoons, and [46]
conditions other natural disasters
5 Interest rate The effects of a Change in interest rates [40-42,47 48]
fluctuations caused by policy changes
. Earthquakes, landslides, karsts,
Adverse geological .
6 o seepage deformation, and other [47]
conditions - .
undesirable geological phenomena
Insufficient coordination between
Poor design electromechanical, pipeline, and other
7 o : [14,33,34]
coordination major systems, as well as between
procurement and construction
Precast component split does not meet
Unreasonable : .
8 . the design, construction, and [48]
component split .
other requirements
The design does not provide
sufficiently in-depth details for the
Insufficiently components to meet the requirements
9 . : e [14,20]
in-depth design of the specification standards,
construction technology, and conflict
with other professions
i Construction personnel involved in
Immature hoisting L .
10 technolo the hoisting and connection [1-4]
8y technology are not skilled
1 Transport damage of Damage caused by the lack of [21]
precast components scientific protection
Unreasonable The responsibilities of each
12 .. department are not clear and the [3-5,31-34]
organization .
power division is not equal
Impr(?per site Failure to provide essential protection
stacking and
13 ¢ for components and unreasonable [56,57]
protection of .
stacking methods and areas
components
Temporary support The hoisting support system is not
14 system with poor firm and displays insufficient strength [52,55]
stability and poor safety
Inappropriate The main parameters such as lifting
PP p. weight, height, and moment of
15 mechanical . . [58]
. . mechanical equipment can not meet
equipment selection .
the requirements
When raw materials are in short
supply, equipment malfunctions or
16 Untimely delivery inventory turnover is untimely, [39,44]
supplies often fail to be delivered
on time
An increase in the price of labor,
17 Rising prices materials, and equipment caused by [16,39,47]

supply and demand
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Table 3. Cont.

Number Risk Indicator Description References
Immature The designers do not adopt the
18 standardized design standardized methods of [7,12,13]
techniques prefabricated building
Poor supplier credit The supplier’s capital, debt,
19 and contract production capacity, and business [38-40]
performance reputation are damaged
Insufficient developer ~ The developer breaches the contract
20 credibility and and project funds can not be in place [38,41]
payment ability on time
21 Tax rate fluctuations Changes ‘caused b.y national [17,39]
macroeconomic regulation and control
Unsound Conflicts in all aspects of assembly
22 L construction and a lack of a unified [1,2]
specifications
standard system
Insufficient Lack of communication between
23 communication and design units, component [3-6]
coordination between = manufacturers, contractors, and other
various units participating units
- . The general contractor and
Insufficient project . .
subcontractors lack experience in
24 management . 1 [1-4]
. . prefabricated building
experience and ability .
project management
Changes in The relevant laws and policies are
25 industry-related laws changed during the process [22,38]
and policies of construction
Unreasonable Specialized schemes are not
26 specialized appropriate for [33]
construction plan prefabricated buildings
Incorrect Mainly includes unreasonable
27 . transportation routes and [54,59]
transportation plan .
protective measures
. The communication of technical
Inadequate disclosure . . .
of technical quality information between professional
28 personnel and the first line of the [60]
and safety . .
. . operation personnel is
information .
not comprehensive
Inadequacy of The purchasing staff are not familiar
29 competent with the market environment and [40,41,47]
purchasing staff have insufficient experience
. . The developer appoints suppliers to
30 Supplier designated the general contractor during the [39,59]
by developers

procurement process of the project

4.1.2. Finalization of Risks for Prefabricated Buildings with EPC

After the literature analysis to identify the risk indicators, it was found that the number
was still quite large. Theoretically, any risk that can cause a failure to achieve some, but not
all, of the desired objectives is meaningful. If all these risks are taken into consideration, the
assessment process will become relatively complicated, affecting the accuracy of evaluation
results to a certain extent. Furthermore, with its continuous advancement, some risks iden-
tified in the literature may come to affect prefabricated buildings. An approach to sifting
the key risks from the initial list is therefore needed to ensure the final assessment system is
more scientific and persuasive. In this study, questionnaires were used to consult front-line
engineers who could authentically understand the current development difficulties and
help to achieve the optimization of these indicators.

The questionnaire consisted of two parts: the first part was conducted to collect basic
information about respondents, including their organizational background, work experi-
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ence, and project participation; while the other part included items that were composed
of each indicator obtained above. All perceptual items were assessed on five-point Likert
scales ranging from one (strongly disagree) to five (strongly agree).

These questionnaires were mainly distributed online, with a few coming from field
surveys. The participants were randomly chosen from the AEC (Architecture, Engineer-
ing, and Construction) industry located in the Yangtze Delta in China. This region is a
pioneering area in the advancement of prefabricated buildings. In light of this, the sample
could well capture the status quo of China’s assembly construction. The total number
of questionnaires distributed was 159, and 145 survey responses were gathered, with a
recovery rate of 91.19%. Before the collected data could be processed, a preliminary test
needed to be carried out on them. Finally, 137 valid questionnaires were obtained, after
deleting some invalid questionnaires (e.g., short answer time, all items with the same
option, or no work and project experience). Figure 3 presents the basic information of
the respondents.

11.68% 10.19%

14.59%

30.34%

Developer ®Designer ®Construction unit = Consulting unit Other 0-3 years m4-7years m8-10 years = Over 10 years

22.18%

a) Organization type b) Work experience

20.03%

31.76%

37.55%

2orless w35 Over 5 2orless m3-5 Over 5

¢) The number of EPC mode involved d) The number of prefabricated buildings involved

Figure 3. Basic information about the respondents.

Reliability is an important issue in social investigations. It is used to test the stability of
the measurement process, although the reliability itself is not affected by the measurement
results (whether correct or not) [61]. Based on previous studies, Cronbach’s « coefficient is
usually considered as the reliability index. Its value varies from 0 to 1, and the closer it gets
to 1, the more reliable the data [62]. Table 4 shows the relationship between reliability and
Cronbach’s « coefficient. On top of this, it is generally believed that a value greater than
0.70 should be set as the evaluation criterion for the reliability of listed items [62]. In this
study, the data collected from questionnaires was input into SPSS 25.0 for the reliability test.
The Cronbach’s « value of the original data collected from the questionnaires was 0.774
(over 0.70), which proved that the 137 valid questionnaires were reasonable and could be
used for subsequent analysis.
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Table 4. Relationship between Cronbach’s « coefficient and reliability.

Cronbach’s o Coefficient Reliability
Cronbach’s « coefficient < 0.3 Unreliable
0.3 < Cronbach’s « coefficient < 0.4 Barely reliable
0.4 < Cronbach’s « coefficient < 0.5 Reliable
0.5 < Cronbach’s « coefficient < 0.7 Reliable (most common)
0.7 < Cronbach’s « coefficient < 0.9 Reliable (second most common)
0.9 < Cronbach’s « coefficient Perfectly reliable

SPSS 25.0 software was used for the mathematical statistical analysis of the collected
data. In this study, the mean value p, standard deviation o, key index R, and discrete value
b were calculated, which reflected the average level, degree of variation, importance of
each indicator, and the consistency of the respondents’ opinions, respectively. Bajjou and
Chafi [63] believed that the larger the o, the greater the variation in the indicator score. The
discrete value b is the ratio of standard deviation to mean value. The smaller the value,
the lower the dispersion of the score, indicating that the responses are more concentrated
around a point. Table 5 exhibits the statistical results of the questionnaire survey.

Table 5. Descriptive statistical analysis of the risk indicators.

Survey Results Calculation Results
Risk Indicator
3 4 5 i o ) R
Inflation 30 65 33 3.89 0.84 022 7781

49 50 37 3.90 0.80 0.21 77.96
59 44 33 3.80 0.81 0.21 7591
18 81 33 4.04 0.72 018  80.73
45 50 32 3.76 0.89 024 7518
45 59 31 3.87 0.77 020 77.37
52 48 35 3.85 0.82 0.21 76.93
50 60 24 3.77 0.76 020 7533
58 40 35 3.77 0.86 023 7547
60 47 30 3.78 0.78 0.21 75.62
35 79 20 3.85 0.68 0.18 7693
53 46 32 3.76 0.86 023  75.18
50 46 36 3.82 0.86 023  76.50
43 48 46 4.02 0.81 020  80.44
3 52 47 4.06 0.80 020 8117
36 60 33 3.86 0.85 022 77.23
52 54 29 3.80 0.78 0.21 76.06
13 68 45 4.07 0.86 0.21 81.46
46 48 33 3.76 0.90 024  75.18
47 48 39 3.90 0.84 022 7796
79 51 6 3.45 0.59 027  69.05
63 44 30 3.76 0.79 0.21 75.18

13 68 45 4.04 0.96 0.24 80.73

24 76 34 4.03 0.71 0.18 80.58
31 63 28 3.76 0.90 0.24 75.13
43 40 52 4.04 0.87 0.21 80.73
42 50 43 3.98 0.82 0.21 79.56

12 80 40 4.13 0.71 0.17 82.63

31 69 21 3.67 0.92 0.26 73.43
52 32 7 297 0.93 0.31 59.42

Quality defects of precast components
Design changes
Adverse weather conditions
Interest rate fluctuations
Adpverse geological conditions
Poor design coordination
Unreasonable component split
Insufficiently in-depth design
Immature hoisting technology
Transport damage of precast components
Unreasonable organization
Improper site stacking and protection of components
Temporary support system with poor stability
Inappropriate mechanical equipment selection
Rising prices
Untimely delivery
Immature standardized design techniques
Poor supplier credit and contract performance
Insufficient developer credibility and payment ability
Tax rate fluctuations
Unsound specifications
Insufficient communication and coordination between
various units
Insufficient project management experience and ability
Changes in industry-related laws and policies
Unreasonable specialized construction plan
Incorrect transportation plan
Inadequate disclosure of technical quality and
safety information
Inadequacy of component purchasing staff
Supplier designated by developers
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As can be seen from Table 5, among the 30 indicators, the discrete values of three indi-
cators were greater than 0.25: tax rate fluctuations, inadequacy of component purchasing
staff, and supplier designated by developers. Compared with other indicators, these had a
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greater dispersion, meaning that the respondents had different views on them. Moreover, as
for the key index, these indicators were lower than the others, all three being below 75. Ac-
cording to Bajjou and Chafi [63] and Liu et al. [61], the importance of these three indicators
was considered to be relatively small, and they could be excluded from the initial risk list.
In addition, to make the evaluation system clearer, the remaining indicators were classified
based on their attributes. Ultimately, a prefabricated building risk-assessment system for
the EPC method was finalized in this study, including 7 first-level and 27 second-level
indicators, as shown in Table 6.

Table 6. Risk-assessment indicators of prefabricated buildings using EPC.

First-Level Second-Level

Insufficient project management experience and ability U11
Management risk Ul Insufficient communication and coordination between
various units U12
Unreasonable organization U13
Design changes U21
Unreasonable component split U22
Design risk U2 Insufficiently in-depth design U23
Immature standardized design techniques U24
Poor design coordination U25
Poor supplier credit and contract performance U31
Quality defects of precast components U32
Procurement risk U3 Incorrect transportation plan U33
Untimely delivery U34
Transport damage of precast components U35
Unreasonable specialized construction plan U41
Inadequate disclosure of technical quality and safety
information U42
Immature hoisting technology U43
Inappropriate mechanical equipment selection U44
Improper site stacking and protection of components U45
Temporary support system with poor stability U46
Inflation U51
Rising prices U52
Insufficient developer credibility and payment ability U53
Interest rate fluctuations U54
Unsound specifications U61
Changes in industry-related laws and policies U62
Adverse geological conditions U71
Adverse weather conditions U72

Construction risk U4

Economic risk U5

Policy risk U6

Natural risk U7

4.2. Risk-Assessment Method

After identifying the risks, risk assessment is a process that can quantify an exact
figure to describe the impact of each indicator [64]. The widely used mainstream method is
still based on the AHP. Since AHP is a typical multicriteria decision-making method, the
traditional AHP (especially the expert scoring table) has an obvious level of subjectivity
regarding factor weighting, which is likely to cause deviations in the calculation results [65].
As a matter of fact, some assessment methods and techniques vary in sophistication and
capabilities [66,67]. It is necessary to select a method suitable for the characteristics of the
evaluated object in accordance with the requirements of the tasks. The risk indicators of
prefabricated buildings using EPC are all conceptual and difficult study quantitatively.
However, both fuzzy mathematics and grey system theory (GST) can solve problems re-
lated to these uncertainties [68]. Fuzzy evaluation can be used to mathematically quantify
conditions for which it is not easy to demarcate a border, while GST is a systematic method
that focuses on how to deal with missing data and poor information [69]. Consequently,
a comprehensive risk-assessment method combining GST and fuzzy evaluation was pro-
posed in this study. The membership matrix was constructed based on the grey number,
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grey number equation, and grey number matrix in the grey system, and then the fuzzy
algorithm was used to carry out a multilevel evaluation, so as to solve the ambiguity of
the evaluation criteria and the prejudices among the evaluators and make the results more
scientific and reasonable.

4.2.1. AHP-Entropy Optimized Combination Weight

Analytic Hierarchy Process (AHP)

The AHP involves summarizing and sorting out factors related to decision-making
according to a certain decomposition form [70]. It can hierarchize a complex system
and calculate a factor’s weight by hierarchical analysis and intercomparison [64], which
provides assistance to decision-makers when trying to determine the best option. The
specific steps of the AHP method are as follows:

e  Step 1: Build a hierarchical model.
In order to reflect the relationships between the indicators, the evaluation system is

decomposed into a three-level structural model with a target layer, criterion layer, and
factor layer.

e  Step 2: Construct a judgment matrix.

The relevant experts are invited to provide scores based on the 1-9 scale method
(I—equally important; 9—absolutely more important), starting from the first level of the
hierarchical structure model. The judgment matrix P is constructed by the pair comparison
of the indicators of a certain level.

e  Step 3: Calculate the relative importance.

The weight vector w! of each judgment matrix is calculated according to the square
root method and is normalized to obtain the subjective weight vector of each indicator. The
calculation formulas can be attained by Equations (1)—(3).

mi:ﬁa,j,(izl,z...,n) (1)
j=1
wy = {Y/m; 2
w! = 3)
Y own

e  Step 4: Perform a consistency check.

Next, the maximum eigenvalue is calculated by Equation (4) and is used to carry out
the consistency check via Equations (5) and (6).

& (P x W),
Amax = l; T 4)
CI
Cl = (Amax —n)/(n—1) 6)

where:

CI is the consistency index and RI is the random consistency index, whose value has
a certain corresponding relationship with the rank of the judgment matrix (Table 7). In
addition, when CR < 0.10, the judgment matrix is considered acceptable; otherwise, it
should be reassigned to make corrections until it passes the consistency test [71].
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Table 7. Correspondence between rank of judgment matrix and RI.
Rank 1 2 3 4 5 6 7 8 9
RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46

Entropy weight method

The concept of “entropy” originated from thermodynamics and was later introduced
into information technology to represent the uncertainty surrounding a system [72]. The
entropy weight is an objective assignment method. The smaller the entropy value of an
indicator, the greater the dispersion degree and the more information it provides [73]. The
specific steps of the entropy weight method (EWM) are as follows:

e  Step 1: Normalize the judgment matrix and obtain the standard matrix P.

P = (pij),en )
ki

pij = — ! (8)
L kij

e  Step 2: Calculate information entropy.

1 & ..
6]'— *mlgpijlnpij(l,]—1,2,3,...,1’1) (9)

where:
ej (0 <ej <1)is the value of the jth indicator and ﬁ is the information entropy coefficient.

e  Step 3: Calculate the indicator information entropy weight w?.

T (10)

Combination weight method

In order to ensure that the weights of each indicator took into account both the
subjective cognition of the evaluators and the information of the indicators, this study
optimized the weights obtained by EWM and AHP, respectively, to obtain the combined
weights of each indicator, as shown in Equation (11).

wlw?
©= S ota? (1)

4.2.2. Multilevel Grey Evaluation Method

Establishment of a comprehensive evaluation matrix

The indicators finalized above form a more scientific and thorough risk-evaluation
system that was applied to prefabricated buildings using EPC to determine the risk level.
The target layer of the system in this study is represented by X, including first-level
X;(i =1,2,3,...,m) and second-level Xij(i =123,...,mj=123...,n).

The score corresponding to each indicator could be obtained by the expert scoring
method. Furthermore, the evaluation matrix was derived based on their scores:

1 42 p
dy dy oo dy
1 p
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where:

di-‘]- is an expert’s score for an indicator.

Determination of grey class and whitening weight functions

The following equations assume that there are g grey groups and that f1(x), f2(x),
f3(x),..., fg(x) are the corresponding whitening weight functions. The specific methods for
determining the grade interval of the evaluation program, which can define the whitening
weight function of each grey group, are as follows.

Upper level, grey number ® € [d;, c0), whitening weight function:

%mlﬁemm
faldl) =1 df; € |dy, 0] (12)
0 df; ¢ [0,9]
Middle level, grey number @ € [0, dp, 2d;], whitening weight function:
df;/ do df; € 0,d5]
foldly) = 2—dfi/dy df; € (dy,245) (13)
0 dg ¢ [0,2d,]

Lower level, grey number ® € [0, d3, 2d3], whitening weight function:

1 dj; € [0,d3]
feldf) = §2—d/dy  df; € (d3,2d3) (14)
0 dj; ¢ [0,2ds]

Calculation of the grey evaluation weight and comprehensive evaluation value

For Xjj, the scoring results are d}j, diz]-, d%, el df]-, and the grey evaluation coefficient of
each indicator belonging to the ¢/ class can be obtained by Equation (15). Next, Equation
(16) can further deduce the total grey evaluation coefficient.

P
X6 = kz fe(df) (15)
=1
8
XZ‘]‘ = ;xf] (16)

Based on Equations (15) and (16), the grey evaluation weight can be obtained, as

shown in Equation (17).

x€.

_ Y
%—@ (17)

As a result, the grey evaluation weight matrix of X; can be attained.

1,2 8
ril 7"1-11 rél r‘igl
Ti2 L L A £

Ri=| . |=] . .
. 1,2 .0 8
Tin Tin  Tin Tin

The weight vector of X; is W; = (Wl-l, Wl-z, Wl.3, e, Wi"), and the grey comprehensive
evaluation weight vector of X; is:

Zi=WiR; = (2},2},2},...,2) (18)

1
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Simultaneously, the weight vector of X is W = (wq,wp,ws, ..., Wy), and the grey
comprehensive evaluation weight vector of X is:

B=WZ = (by,b,b3,...,bg) (19)

Within this, the matrix Z is composed of Z1, Z,Z3, ..., Zy,.

Zy Z11 Z12 vt Z1g

Zy zZ01 Z;m v Zog
Z = =

Zm Zml Zm2 ' Zmg

Through the above steps, the comprehensive evaluation weight vector (B) can be
obtained. In essence, this is a matrix describing the grey degree of risk. In order to further
determine the comprehensive evaluation value of a project risk, the single value calculation
of vector B was also needed in the last step, based on different grey classes, which could
produce the assignment vector C = (5,4,3,2,1). Accordingly, the grey comprehensive
evaluation value (the risk evaluation value) is calculated by Equation (20):

F=BCT (20)

5. Case Study
5.1. Background Information

In this study, a new middle school project was selected to illustrate the application of
the comprehensive assessment method. This project was located in Nanjing, China, and
was funded by Nanjing North Park Investment Property Co., Ltd. The total project cost was
380 million RMB and the total floor area was more than 50,000 m?. This project adopted the
EPC management mode, with China Construction Eighth Bureau No.3 Construction Co.,
Ltd. as the general contractor, and required an assembly rate of over 40% (prefabricated
concrete structure). The ground buildings were divided into three parts, teaching building,
complex building, and student canteen, and the teaching building was made up of four
independent buildings connected as a whole, for a total of six buildings. These buildings
all had a frame structure. Both onsite and offsite construction methods were applied in this
project. The standard floors were constructed using assembly structures, including precast
beams, stairs, slabs, and non-load-bearing external walls. The basements and nonstandard
floors still adopted traditional construction technology.

The general contractor was affiliated with China State Construction Engineering
Corporation Limited, which is the largest contractor in China’s construction industry. The
contract scope in this project included the design (conceptual design, shop drawing design,
and in-depth design of components); construction; and procurement (materials, mechanical
equipment, and tools). Since the EPC contractor undertook almost all of the tasks with a
fixed price, it was a great challenge for them to take all or most of the risks.

5.2. Project Implementation Risk Assessment

Due to the lack of databases related to prefabricated buildings, the data for this case
was collected by interviewing key members of the project. The selection criteria for the
interviewees stated that they should have a senior position or play an important role in the
project. A total of 12 managers or engineers (two groups) from the design, procurement,
and construction divisions were invited to complete the risk assessment.

Prior to determining the risk level of the project, one group was interviewed to score
the indicators in the risk-assessment system proposed above. The scale for scoring (Table 8)
is widely used by scholars to study project management [71,74]. After obtaining a score for
each indicator, their weights could be calculated based on Section 4.2. The scores of this
group are listed in the Appendices A and B.
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Table 8. Expert scoring standard.

Criteria Level
[90,100] Absolutely important
[80,89] Important
[70,79] Generally important
[60,69] Unimportant
Under 60 Extremely unimportant

Through the equations in Section 4 above, the risk level of the selected case could be
determined. Due to the limited space, the detailed calculation procedure is not described
here but is shown in Appendix B.

6. Results and Discussion

The procedure outlined in the above section allowed us to calculate the risk level of the
project based on the comprehensive evaluation method. Table 9 summarizes the findings
of this study. The evaluation value was 3.3203, suggesting that the project risk was at a
medium level. Furthermore, the AHP-EWM approach was adopted to assess and rank the
weights of different indicators regarding the final performance of this project. As a result,
the ranking of the primary indicators in the evaluation system was as follows: construction
(0.4814); design (0.2298); procurement (0.0885); management (0.0864); nature (0.0570); and
policy (0.0251). These results could help general contractors to identify critical factors that
might incur heavy losses for a project, and thus they should pay more attention to these
factors and take targeted measures to avoid the occurrence of these risks.

Table 9. The findings of the studied case.

If{elsgl I;:Ir;zc];fgresl Weight Second-Level Indicators Ir‘llt,eerig}):te T

Insulfficient project management experience and 0.5451

; bility U11 ’

Management risk Ul 0.0864 I .- apity 1 -

nsufficient communication and coordination 0.2894

between various units U12 )
Unreasonable organization U13 0.1655
Design changes U21 0.0805
Unreasonable component split U22 0.2071
Design risk U2 0.2298 Insufficiently in-depth design U23 0.3420
Immature standardized design techniques U24 0.2333
Poor design coordination U25 0.1371
Poor supplier credit and contract performance U31 0.0576
Quality defects of precast components U32 0.5480
Procurement risk U3 0.0885 Incorrect transportation plan U33 0.1277
3.3203 Untimely delivery U34 0.0961
Transport damage of precast components U35 0.1706
Unreasonable specialized construction plan U41 0.0877

Inadequate disclosure of technical quality and

Construction risk U4 0.4814 safety information U42 0.0%2
’ Immature hoisting technology U43 0.0633
Inappropriate mechanical equipment selection U44 0.0619
Improper site stacking and protection of 0.1953

components U45 .
Temporary support system with poor stability U46 0.4956
Inflation U51 0.2233
- Rising prices U52 0.1793
Economic risk U5 0.0318 Insufficient develop%f) credibility and payment 0.4748

ability U53 ’
Interest rate fluctuations U54 0.1226
PR Unsound specifications U61 0.6853
Policy risk Us 0.0251 Changes in industry—rglated laws and policies U62 0.3147
. Adverse geological conditions U71 0.4140
Natural risk U7 0.0570 Adversegweat er conditions U72 0.5960

Management risk

The results of the case in this study indicate that the impact of management risk
is relatively small but that it is an aspect that cannot be ignored. As a first step, to
promote EPC general contracting in prefabricated buildings, the management ability of
general contractors should be continuously improved. It can be found from the afore-
mentioned results that U11 accounted for a large weight (0.5451) within the management
risk category. The strategic positioning of the general contractor should be intensively
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intelligent and technological. It is difficult to deliver effective supply chain manage-
ment of prefabricated buildings by simply adopting a general contracting mode based on
“design + production + assembly construction”. EPC general contracting management is
not simply the superposition of design, production, procurement, and hoisting. It goes
beyond the project to the level of business operation and development strategy. Therefore,
the EPC mode should highlight the significance and essence of prefabricated building
supply chain management, emphasizing its integration and coordination capabilities, mas-
tery of market resources, and integrated management of various specialties to achieve
greater benefits.

Design risk

The design risk reflects the scale and structure of a prefabricated building, which can
determine the components and materials required. In this case, the weight of the design
risk ranked second. Therefore, the control of the design was comparatively necessary to
manage the risk of the whole project. The quality and cost must be strictly controlled
from the beginning of the design, and the design needs to play a leading role in realizing
the systematic construction requirements [23]. In the meantime, the design units should
carry out an overall analysis of the project from design to procurement, production, and
assembly, aiming to ensure the coordination of each step [39]. The results of this case
reflected that the design risk mainly lay in the in-depth design, which had a weight of
0.3420, ranking first in the design risk category. The in-depth design is constructed by
collecting the final version of the construction drawings and the technical data of various
professions (architecture, structure, equipment, and refined decoration). After checking
the drawings, communication with the relevant professionals is undertaken to confirm
any unclear or contradictory details [75]. However, in practice, professionals rarely list the
key points of components in the in-depth design. In the design of prefabricated buildings,
errors and omissions of precast components can only be avoided by close cooperation
between various professionals and participants.

Procurement risk

Unlike in the traditional management mode, design and procurement in EPC can
intersect reasonably, since the materials required for the whole process of a construction
project are also determined in the design stage. The purchasing personnel can share the
product model, market price, and supplier information with designers and engineers so
that the three parties are able to jointly choose the best option to meet the procurement
needs [15]. Procurement procedures include purchase, transportation, transfer, and delivery,
so a detailed procurement plan is required during the construction process. The calculation
results revealed that the procurement risk focused on the quality defects and transportation
damage of prefabricated buildings. Since the quality defects of raw materials are an
obstacle to the smooth delivery of a project, the general contractor should establish a sound
material supplier review system to ensure that their qualifications meet the requirements
of the project. Meanwhile, the general contractor should also offer appropriate incentives
(e.g., exclusive supply, quality exemption, and technical support) to outstanding suppliers.
Furthermore, the precast component transportation problem has also become a major focus
for general contractors. Due to the wide variety and large size of precast components, if
they are not placed in the transport vehicle correctly, and the protection measures of the
vehicles on both sides of the guardrail are insufficient, component damage is likely to occur.

Construction risk

In this project, construction risk occupied the largest weight, which means that it
was the biggest obstacle to the smooth implementation of the project. This is a peak
investment stage for EPC general contractors, so more attention should be paid to the
cohesive management of the design, procurement, and construction, and the coordination
between various professionals should be conducted effectively. For prefabricated buildings,
the Gordian knot of the construction stage is the lifting of the precast components, which
requires elevated machinery and strong connections. The results of the selected case study
can also verify this conclusion. Among the construction risk indicators, U46 (temporary
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support system with poor stability) held the largest proportion of weight (0.4956), far greater
than the others. It is well known that assembly is a new method and that components are
put together onsite. The temporary support system is a necessary tool for the installation,
fixation, and adjustment of components [57]. After the precast components are hoisted
in place, they are fixed to the completed structure through temporary supports [58]. The
location and quantity of temporary supports ought to be set based on the specially designed
plan, and the shape of the components and other factors should be considered thoroughly
to form a stable triangular support system. Temporary supports, precast components, and
completed structures need to be anchored with reserved bolts rather than temporary frills.
In addition, the choice of machinery in construction is also a key risk to consider, according
to the results of this project. The precast components are usually relatively large, requiring
more extensive safety precautions and a greater reliability of lifting machinery when they
are hoisted on site, which is a dangerous risk in construction management. To solve this
problem, it is necessary to develop a reasonable scheme for lifting. In this case study, it
should be explicitly determined whether it is the choice of machinery or the disclosure of
technical quality and safety information that needs to be addressed.

Economic risk

The economic risk runs through the whole construction process in EPC assembly
projects. Moreover, the distribution of risks between the developers and general contractors
is quite different from other management modes, with the general contractors taking on
almost all the risks. On this occasion, it was found that the weight of economic risk associ-
ated with the developers was the largest. In practice, in the EPC mode some developers
may deliberately delay payment for completed engineering tasks or force contractors to
bring money into the contract and drive the price down excessively. Furthermore, the
cost of prefabricated buildings is higher than that of traditional cast-in-place buildings.
Therefore, the relevant behaviors of developers should be considered seriously by the
general contractors at the beginning of a project.

Policy risk

In the case study, policy had the least impact on the final determination of the risk
level, which is inconsistent with the findings of previous studies by Jiang et al. [76]. The
main reason for this may be that the project was based in Jiangsu, which is one of the
provinces selected to demonstrate the assembly construction method in China. Compared
to other provinces, Jiangsu has more beneficial policies, in terms of both technology and
management, which provide a guarantee for the advancement of prefabricated buildings.
For the comprehensive development of prefabricated construction in China, different
provinces should learn from the examples of these demonstration provinces and employ
appropriate policies as well as measures to promote high-quality growth in combination
with their advantages.

Natural risk

Natural risks are inescapable and unstable. Even if they present a relatively low
probability of occurrence, they can have a terrible impact on the progress of a project.
Therefore, general contractors should devise emergency plans in advance. The natural
risks of EPC prefabricated building projects mainly include geological and climate risks.
General contractors should consider the geology and conduct a thorough survey before the
commencement of the building on the site. With regard to the climate, it is necessary to
master the meteorological data of the site. Taking into account the rainfall, temperature, and
seasonal characteristics, general contractors should implement different targeted measures
to succeed in their projects.

7. Conclusions

Despite the fact that the implementation of the EPC mode in prefabricated build-
ings has been emphasized by the Chinese government, there have been few studies
to address the risks of combining prefabricated buildings with EPC. Accordingly, this
study took the risks of EPC assembly projects as its research target, and “risk identifica-
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tion/evaluation/handling” was the central focus. After summarizing the research situation
at present, the risks of EPC prefabricated buildings were identified and analyzed through a
literature review and questionnaire survey. On this basis, this study established a relatively
suitable risk-evaluation system that can provide references for general contractors to carry
out risk assessments. In order to effectively obtain the weight of each risk and complete
the comprehensive evaluation, an improved weighting algorithm (AHP-EWM) was estab-
lished, combining subjectivity and objectivity. In addition, using the grey system theory,
this study also proposed a risk-assessment model that was applied in a real project. In this
case study, a grey—fuzzy comprehensive evaluation method was used to calculate the risk
level. Additionally, the AHP-EWM analysis found that the construction and design risks
had greater impacts. In conclusion, this study contributes to the body of knowledge on
adopting EPC in prefabricated buildings, which has practical application value for general
contractors in risk management. Specifically, the current study points out the typical risks
that arise when implementing prefabricated buildings in a country (e.g., China). It serves
as a foundational work that can be extrapolated on to further investigate the adoption of
the EPC mode for prefabricated buildings.

Of course, some limitations to this study must be acknowledged. In fact, there are
still few assembly-type projects using EPC, which meant that our research lacked a certain
amount of data support. This study only investigated the current risks in China, and so
the results are limited by region. In addition, the subjective views of interviewees also
had an impact on the results of the data collection. Hence, a relevant database should be
established to include more case studies in future works, which could enable practitioners
to benefit from big-data analysis to obtain more reasonable results.
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Appendix A

Table A1. Scoring results of the first group of experts.

First-Level

_ Expert  Expert Expert Expert Expert Expert
Second-Level 1 5 3 4 5 6

Insufficient project management experience and ability U11 82 85 79 86 83 85

Management Insufficient communication apd coordination between various 87 84 83 85 81 82
risk Ul units U12

Unreasonable organization U13 84 81 87 84 84 82

Design changes U21 81 76 79 83 80 81

Unreasonable component split U22 89 89 84 87 91 94

Design risk U2 Insufficiently in-depth design U23 76 69 71 78 76 75

Immature standardized design techniques U24 84 83 80 88 79 82

Poor design coordination U25 84 83 90 85 83 87
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Table Al. Cont.

First-Level Second-Level Exliert Exgert Exgert Exgert Exgert Ex%ert
Poor supplier credit and contract performance U31 81 83 84 81 86 85
Quality defects of precast components U32 72 78 70 76 69 73
Pr()rcislzellr%’ent Incorrect transportation plan U33 78 79 81 81 83 85
Untimely delivery U34 80 85 82 81 81 78
Transport damage of precast components U35 90 85 93 89 92 91
Unreasonable specialized construction plan U41 85 79 81 84 86 85
Inadequate disclosure of techn%jéa}lzquality and safety information 73 75 68 69 74 75
Construction Immature hoisting technology U43 84 79 80 81 79 74
risk U4 Inappropriate mechanical equipment selection U44 85 86 89 83 81 84
Improper site stacking and protection of components U45 78 81 73 75 82 79
Temporary support system with poor stability U46 81 72 70 79 75 72
Inflation U51 87 85 83 81 84 83
L. Rising prices U52 83 84 86 86 85 81
Economic risk
Insufficient developer credibility and payment ability U53 77 80 75 79 76 81
Interest rate fluctuations U54 87 85 86 90 87 89
. Unsound specifications U61 74 73 75 78 76 72
Policy risk U6 A -
Changes in industry-related laws and policies U62 80 79 78 79 76 81
) Adverse geological conditions U71 82 82 85 86 82 82
Natural risk U7 Adverse weather conditions U72 83 78 80 83 83 85
Table A2. Scoring results of the second group of experts.
First-Level Second-Level Ex;laert Exgert Exgert Exi)ert Exgert Exgert
Insufficient project management experience and ability U11 2 2.5 2 15 2.5 15
Manag%rient risk Insufficient communication and coordination between various units U12 15 1 15 2 1 15
Unreasonable organization U13 1 15 1 15 15 1
Design changes U21 1 15 15 2 15 2
Unreasonable component split U22 2 2 2.5 2 2.5 2
Design risk U2 Insufficiently in-depth design U23 3 3.5 3 3 3.5 3
Immature standardized design techniques U24 2.5 2 2.5 2 3 2.5
Poor design coordination U25 2 15 2 2 15 2
Poor supplier credit and contract performance U31 15 2 15 2 2 15
Quality defects of precast components U32 3.5 3 4 3.5 3 3
Procurement risk Incorrect transportation plan U33 2 25 2 2 1.5 2
Untimely delivery U34 2 15 2 2 15 2
Transport damage of precast components U35 3 3.5 3 2.5 3 3
Unreasonable specialized construction plan U41 2 2 2 2.5 2 2.5
Inadequate disclosure of technical quality and safety information U42 2 3 2.5 2 2.5 3
Construction risk Immature hoisting technology U43 2.5 2 2.5 3 3
Inappropriate mechanical equipment selection U44 3 2 2 15 2 2.5
Improper site stacking and protection of components U45 2.5 3 2.5 2 2.5 2
Temporary support system with poor stability U46 35 4 35 3.5 3 3.5
Inflation U51 2 15 2 2 15 15
Rising prices U52 2 2 15 1.5 1 1.5
Economic risk U5 Insulfficient developer credibility and payment ability U53 2 15 15 15 2 15
Interest rate fluctuations U54 2 1 15 1 1 1
Unsound specifications U61 2 15 15 2 15 15
Policy risk U6 . .
Changes in industry-related laws and policies U62 1 1 15 1 15 1
Adverse geological conditions U71 15 2 15 15 2
Natural risk U7

Adverse weather conditions U72 2 2 1.5 2 2
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Appendix B
Computational procedure:

1.  The subjective weights of first-level and second-level indicators determined by AHP
were as follows:

e  First-level indicators:

wh = (0.1513,0.2143,0.0912, 0.3131, 0.0650, 0.0508, 0.1143)
e  Second-level indicators:

wll 0.4407,0.3398,0.2195)

wl? 0.1343,0.2070,0.2324,0.2288,0.1795)

= (
= (
w!3 = (0.1235,0.3232,0.1701,0.1559, 0.2273)
4 = (0.1699,0.1107,0.0780,0.1251,0.2071, 0.3092)
(
(
= (

S»—x

S}—l

5 = (0.2524,0.2249,0.3446,0.1781)
w16 = (0.5556,0.4444)
w7 = (0.58335,0.41665)

2. The objective weights of first-level and second-level indicators determined by EWM
were as follows:

o  First-level indicators:
w? = (0.0718,0.2249,0.1817,0.3529, 0.0802, 0.0422, 0.0462)
e Second-level indicators:

= (0.4318,0.2967,0.2716)
22 = (0.1245,0.2090, 0.3077,0.2130, 0.1450)
w? = (0.1084,0.3963,0.1756, 0.1436,0.1761)
w?* = (0.0968,0.1658,0.1550, 0.0944, 0.1802, 0.3060)
w?® = (0.2396,0.2132,0.3678,0.1802)
w26 = (0.6351,0.3649)
= (0.3355,0.6645)

Next, the combined weights of the first-level and second-level indicators in the evalu-
ation system could be obtained by Equation (11).
e  First-level indicators:

W = (0.0864,0.2298,0.0885, 0.4814, 0.0318, 0.0251, 0.0570)

e Second-level indicators:

= (0.5451,0.2894,0.1655)

Wz — (0.0805,0.2071,0.3420,0.2333,0.1371)

W = (0.0576,0.5480,0.1277,0.0961,0.1706)

W, = (0.0877,0.0962,0.0633,0.0619, 0.1953, 0.4956)
(
(

W5 = (0.2233,0.1793,0.4748, 0.1226)
W = (0.6853,0.3147)
W; = (0.4140,0.5960)

Subsequently, another group of respondents gave each indicator a risk level. Suppose
the project risk was U; the evaluation class was divided into five kinds (1 indicating “very
low”, 2 meaning “low”, 3 being “medium”, 4 referring to “high”, and 5 indicating “very
high”); and the values between the two levels were 4.5, 3.5, 2.5, and 1.5. The criteria were sent
to the invited experts, and the evaluation matrix D; for each indicator of the project could be
obtained, wherei = 1,2,3,4,5,6,7. The results are shown in the Appendices A and B.

According to the abovementioned risk categories, the risks can be divided into five
grey scales (e = 1,2, 3,4,5) from low to high. Table A3 illustrates the relation between the
whitening weight function and the grey scale.
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Table A3. Whitening weight function table.

Grey Number Whitening Weight Function
k k
d; y /5 d €10,5]

1 ®1 € |5, 00
Le ) A =11 de o)
0 diqu_f [0, 00)
d~. /4 0,4
2 9 € [0,4,8] . i/ . ke[ )
foldl) = ¢ 2—df /4 d;(] (4,8]
0 df; ¢ [0,8]
dk /3 dk e 0,3
3 ©3 € [0,3,6] i/ ij € 10.3]
fa(df) = §2—d/3 df € (3,6]
0 df‘jé [0, 6]
d~./2 dk e 0,2
4 ©4 € [0,2,4] i/ ij € 10.2]
faldh) = 32-ds/2 df € (2,4]
0 df; ¢ [0,4]
1 dk 0,1
5 ®5 € [0,1,2] ) . €01
fS(dij) =142 _dij dij € (1,2]
0 dﬁ.‘j ¢ [0,2]

Taking U; as an example, the evaluation coefficient of the second-level indicators (Uy;)
belonging to management risk could be calculated based on Table 6, where j = 1,2,3;
e=1,2,3,4,5.

For Uy, when e = 1, the grey evaluation coefficient X, was:

Xy = Ef( D) = Aldy) + fild]) + A(dS) + fild]) + A(d5y) + f(d)
fi

J2’4( )+ A(25)+ f1(2) + A1(15) + f1(25) + f1(1.5)

When e = 2, the grey evaluation coefficient X%, was:

X3 = kglfz(d’h) = faldiy) + fo(d3)) + fa(d3y) + fa(d}y) + f2(d3y) + fa(d$y)
= f2(2) + f2(2.5) + f2(2) + f2(1.5) + f2(2.5) + f2(1.5)

When e = 3, the grey evaluation coefficient X3, was:

X = £ () = ) + A + A + A + AU+ AE)
= f3(2) + f3(2.5) + f3(2) + f3(1.5) + f3(2.5) + f3(1.5)

=4

When e = 4, the grey evaluation coefficient X}, was:

X} = kilfz;(dk ) = faldiy) + fa(d3y) + fa(d3y) + fa(diy) + fa(d5y) + fa(dSy)
= fa(2) + fa(2.5) + fa(2) + fa(1.5) + f4(2.5) + f4(1.5)
=5



Sustainability 2022, 14, 1910

24 of 28

When e = 5, the grey evaluation coefficient X3, was:

X0 = £ fa(dhy) = fsdh) + fo(dh) + S + fo(h) + o(dh) + ()

= f5(2) + f5(2.5) + f5(2) + f5(1.5) + f5(2.5) + f5(1.5)
=1

For Uy, the total grey evaluation coefficient X;; was:
Xy = Xy + Xy + X3y + X3y + X3
=24+3+4+5+1
=154

Additionally, each grey-scale evaluation weight was:

rh = X = 01558
r2, = X —0.1948
11 Xél :

3 = 3L = 0.2598

!
= ’)ﬁ—; — 03247
Xll

= Xt = 0.0649
Therefore, the grey evaluation weight vector r11 for U;; was:
r11 = (0.1558,0.1948, 0.2598, 0.3247,0.0649)
Similarly, the grey evaluation weight vectors 71, and 713 for Uj, and Uy 3 could be obtained:
r1o = (0.1180,0.1475,0.1966, 0.2950, 0.2429)

r13 = (0.1062,0.1327,0.1770, 0.2655,0.3186)

Then, the grey evaluation weight matrix R; of U; was:

12 0.1180 0.1475 0.1966 0.2950 0.2429

o 0.1558 0.1948 0.2598 0.3247 0.0649
Ry = =
o 0.1062 0.1327 0.1770 0.2655 0.3186

Along the same lines, the grey evaluation weight matrix of the remaining indicators
could be obtained:

a1 [ 0.1293 0.1617 02155 0.3233 0.1702 ]
r 0.1658 0.2072 02763 0.3507 0.0000
Ry=| rs | =] 02273 02841 0.3390 0.1496 0.0000
rou 0.1800 0.2250 0.3001 0.2949 0.0000
15 | | 01455 0.1819 0.2426 0.3638 0.0662 |
(3 ] [ 01402 0.1753 02337 03506 0.1002
ra 02449 03061 0.3265 0.1225 0.0000
Ry= | rs3 | = | 01558 0.1948 0.2597 0.3572 0.0325
raa 0.1455 0.1819 02426 0.3638 0.0662
135 | | 02147 02684 0.3380 0.1789 0.0000 |
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41
T4
Ry = 743
T44
45
L 46

51

’
Rs = |
53

54

7,
Rg = [ 61
r62

r
Ry=| 7
172

}
}_

©0.1559
0.1846
0.1846
0.1658
0.1800
| 0.2633

[ 0.1402
0.1293
0.1348

| 0.1062

[0.1348
| 0.1001

[ 0.1402
| 0.1507

0.1948
0.2308
0.2308
0.2072
0.2250
0.3292

0.1753
0.1617
0.1686
0.1282

0.1686
0.1251

0.1753
0.1884

0.2597
0.3077
0.3077
0.2763
0.3001
0.3135

0.2337
0.2155
0.2247
0.1709

0.2247
0.1669

0.2337
0.2512

0.3896
0.2796
0.2796
0.3188
0.2949
0.0940

0.3506
0.3233
0.3371
0.2564

0.3371
0.2503

0.3506
0.3769

0.0000
0.0000
0.0000
0.0319
0.0000
0.0000

0.1002
0.1702
0.1348
0.3419

0.1348
0.3576

0.1002
0.0328

|
|

From Equation (18), the first-level indicators U;,i = 1,2, 3,4, 5, 6,7 could be compre-
hensively evaluated by the grey theory, and the grey evaluation weight vectors (Z) could

be obtained as follows:

71 = WiRy = (0.1367,0.1708,0.2278,0.3063,0.1584
= (0.1844, 0.2305,0.2938, 0.2685, 0.0228
= (0.2128,0.2660, 0.3065,0.1984, 0.0163

Zy = WhR;
Z3 = W3R3
Zy = WyRy
Zs = W5R5
Zs = WgRg

0.1311,0.1639,0.2185,0.3277,0.1588

)
)
)
= (0.2190, 0.2738, 0.3029, 0.2022, 0.0020)

( )
= (0.1239, 0.1549, 0.2065, 0.3098, 0.2049)

( )

Zy = WyRy = (0.1479, 0.1849, 0.2465, 0.3698, 0.0610

- 7,
Zy
Z3
=\ Z4
Zs
Zg
Z7

[ 0.1367
0.1844
0.2128
0.2190
0.1311
0.1239

| 0.1479

0.1708
0.2305
0.2660
0.2738
0.1639
0.1549
0.1849

0.2278
0.2938
0.3065
0.3029
0.2185
0.2065
0.2465

0.3063
0.2685
0.1984
0.2022
0.3277
0.3098
0.3698

0.1584
0.0228
0.0163
0.0020
0.1588
0.2049
0.0610

Next, for U, the grey comprehensive evaluation weight vector (B) was calculated,

based on Equation (19):

B =WZ = (0.1942,0.2427,0.2863,0.2423,0.0350)

In this case, there were five grey scales, and the values assigned to each were 5, 4, 3, 2,
and 1, respectively (C = (5,4, 3,2,1)). Therefore, the risk level of the selected case in this
study could be determined by Equation (20):
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