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Abstract: Design optimization can influence the achievement of management goals and the sus-
tainable development of EPC (engineering—procurement—construction) projects. Current research
regarding engineering design optimization mainly focuses on the technology aspect, while lacking
extensive attention regarding the factors influencing stakeholders’ participation in design optimiza-
tion of EPC projects. Based on the existing literature and expert opinions, this study identifies 33
critical influencing factors and adopts the DEMATEL (decision-making trial and evaluation labo-
ratory) and ISM (interpretive structural model) method to analyze the hierarchical structure and
interrelationships among these factors. The results show that the factors, including subcontractors’
participation during the design, design management level, performance evaluation mechanism,
technological development, owners’ attitude towards disputes, and sensitivity to project cost growth,
play critical roles in multi-stakeholders’ participation in design optimization of EPC projects. All
these factors can be divided into causal factors (13) and result factors (20) and a hierarchical structure
model is developed for the whole system, composed of three types of influencing factors, that is, the
surface direct factor, intermediate indirect factor, and deep-rooted factor. The findings of this study
can help managers to have a better understanding of design optimization of EPC projects from the
stakeholder perspective and help managers to take effective measures to improve the status quo as
well as facilitate the sustainable development of this kind of project.

Keywords: relationship analysis; EPC; design optimization; influencing factor; stakeholder

1. Introduction

The project delivery system determines the roles and responsibilities of project par-
ticipants and formulates an execution framework regarding the sequencing of design,
procurement, and construction [1]. The selection of the project delivery system could have
a significant influence on the goal achievement of project management and the improve-
ment of project performance [2,3]. The traditional design-bid-build (DBB) method as the
primary delivery mode has been commonly used in the construction industry, but also
triggers a series of issues such as frequent project changes and claims, low efficiency of the
project schedule control, limited project margins, and a large percentage of project over-
head costs [4,5]. By contrast, the engineering—procurement—construction (EPC) delivery
system usually assigns an EPC general contractor responsible for coordinating all works of
the three primary stages during the whole project, which can effectively improve project
productivity, reduce conflicts among parties, and enhance potential profitability of the
general contractor [4-6]. As such, the EPC, as a popular delivery mode, has been widely
adopted by many public and private organizations [7]. By the end of 2032, the EPC market
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worldwide is projected to expand at a CAGR (compound annual growth rate) of 5.7% to
reach USD 13,800 billion.

The critical advantage of EPC modes is to make full use of the leading role of design
in engineering construction and thus promote the continuous optimization of design
schemes of a project. Meanwhile, due to the features of EPC projects (e.g., comprehensive,
systematic, and integrated), design optimization has also been treated as a significant
factor that influences the quality, schedule, cost, risk, and safety control for this kind of
project and is regarded as an effective means to improve its management level, which
plays a crucial role in the sustainable development of EPC projects [8]. The values of
design optimization in EPC modes are primarily reflected from two aspects [7,9]: (a) saving
cost on the preconditions of satisfying each performance requirement of this project and
(b) greatly improving part of project performance within a reasonable cost. Therefore,
design optimization, as an important component of design management, has attracted
extensive attention from academia and industry.

Currently, some shortcomings in the application of EPC modes still exist, such as
the inadequate capability of the EPC and resource integration management, insufficient
awareness of design optimization, design changes directly affecting project schedule and
cost [10], etc. For instance, some railway EPC projects in Shanxi province, China, had a
project delay of over one year and the corresponding project cost increased greatly. To a
large extent, these issues can be attributed to the lack of initiative to participate in project
design optimization. In fact, the performance of design optimization in EPC projects is
not only determined by the designer but is also connected with other stakeholders. For
instance, the subcontractors’ experience will be beneficial for the improvement of design
efficiency and quality [11]; the designer taking part in the construction stage can guarantee
that the project construction follows the intention of design optimization [12]; and the
low-level design provided by the owner could lead to more design innovation and fewer
design modifications [13]. However, existing research tends to focus on the exploration
of factors influencing the designer’s participation in project design optimization, while
ignoring the factors affecting the motivation of other stakeholders [12,14,15], which further
results in these stakeholders not being able to participate in design optimization under EPC
modes effectively.

The design optimization of EPC projects in this study refers to the activities of design
optimization occurring after the EPC contractor signs the contract with the owner, especially
for detailed engineering. To address the above research gaps, the objectives of this study
are (a) to identify the primary factors influencing each stakeholder of EPC projects in
active involvement of design optimization; (b) to analyze the hierarchical structure and
interrelationship of these influencing factors; and (c) to provide some suggestions for all
stakeholders’ participation in project design optimization to improve its performance under
EPC modes. This study can enrich the theoretical research into design optimization for
EPC projects and facilitate the sustainable development of this kind of project.

The structure of the remainder of this paper is as follows. Section 2 presents a literature
review regarding engineering project design optimization and its influencing factors. Sec-
tion 3 introduces the methods used to achieve the above research objectives. Result analysis
and discussion are conducted in Section 4. The final section summarizes the conclusions
based on the findings of this study.

2. Literature Review
2.1. Design Optimization of Engineering Projects

Existing studies regarding design optimization of engineering projects are conducted
from both technical and management aspects. For the former, extensive research primarily
focused on technically improving the performance of a certain part of the project or the
whole engineering system through design optimization. For instance, Li et al. [16] pre-
sented a method for clash-free rebar design optimization integrating graph neural networks
and exploratory genetic algorithms, which can automatically identify optimal design in
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compliance with code-stipulated requirements while reducing 75-90% of the computation
time. Cai and Aref [17] optimized the distribution of carbon fiber-reinforced polymers and
steel in large-span cable-stayed bridges based on genetic algorithms, thereby improving
the aerodynamic performance of cable systems. Baghdadi et al. [18] used artificial intel-
ligence algorithms to optimize the design of prefabricated wall-floor building systems,
which greatly simplified the manufacturing process while satisfying the architectural pa-
rameters. Wang et al. [19] combined hydrological models with intelligent algorithms to
optimize the design of an integrated drainage system, providing decision-makers with
technical scientific support. Wang et al. [20] adopted a multi-objective robust optimiza-
tion model to obtain the optimal structure of urban drainage systems in consideration of
system uncertainty.

By contrast, only a few studies have explored design optimization of engineering
projects from the management aspect, where case study or data collection was selected as
the primary approach. For instance, Zhang et al. [13] found that behaviors of the owner and
contractor could have an influence on design performance by means of questionnaires and
hierarchical regression analysis. Berard and Karlshoej [21] demonstrated that BIM-based
management information systems for the design process can help reduce design time
and errors. Zhang et al. [22] used the data of CSCEC (China Construction Engineering
Corporation) to verify that the alliance of contractors and designers in EPC projects can
improve design performance. Liu et al. [23] collected data on large-scale EPC hydropower
projects and proved that cooperation between different participants can directly promote
design capabilities and design management. Gunduz et al. [24] used a structural equation
model to explore the relationship between value engineering factors and design manage-
ment performance. In summary, current research into design optimization of engineering
projects emphasized more on technology over management. Specifically, technical inno-
vation is treated as the primary tool to achieve design optimization goals, while ignoring
other critical research issues in design optimization management, such as how to motivate
stakeholders to actively participate in the design optimization of EPC projects.

2.2. Factors Influencing Design Optimization of Engineering Projects

Currently, some research studies have investigated the factors affecting different
stakeholders’ participation in the design optimization of engineering projects. Gransberg
and Windel [11] analyzed the content of 75 DB (design and build) proposal requests from
35 states in the United States, which stated that the experience of construction units can help
improve design efficiency and quality. Fredrickson [12] demonstrated that the designer’s
participation during the construction of DBB projects can ensure the construction is carried
out according to the design intent. Zhang et al. [13] demonstrated that when the owner
provides less design information, qualified contractors will make the final design scheme
more innovative. Grau et al. [14] found that cooperating with designers can be regarded as
key to solving complex technical problems in engineering projects, especially for handling
design changes, adopting optimization design schemes, and improving constructability.
Wang et al. [15] stated that additional information provided by the cooperation between
contractors and designers may contribute insight into the project and thus greatly promote
design optimization. Liu et al. [23] established and validated conceptual models based
on data collected from large-scale EPC hydropower projects and found that insufficient
design capability may lead to issues such as design rework and poor constructability.
Walker and Walker [25] argued that contractors” early involvement can be a critical factor in
resolving design-related risks before the commencement of building construction since they
have rich experiences in on-site design-related problems. Wang and Liu [26] developed
a tripartite evolutionary game model of a government-owner—construction company in
EPC projects and found that the general contractor’s awareness and attitude towards
innovation as well as effective coordination of project complexity and innovation will affect
the performance of design optimization. It can be seen that existing research focused more
on exploring factors influencing design optimization of engineering projects only from
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the designer’s perspective, while few studies took into account the factors affecting other
stakeholders’ participation in design optimization. In addition, there is a lack of systematic
research into the identification of influencing factors of design optimization considering
multi-stakeholders in EPC projects and the comprehensive analysis of these factors.

3. Research Methods

First, the influencing factor system of multi-stakeholders” participation in project
design optimization of EPC projects is established based on a literature review and
questionnaires. Then, expert opinions and data analysis approaches, that is, DEMATEL
(decision-making trial and evaluation laboratory) and ISM (interpretive structural model),
are adopted to analyze the hierarchical structure and interrelationship of these influencing
factors. The detailed introduction for the above two primary steps can be found in the
following subsections.

3.1. Establishment of the Influencing Factor System

The influencing factors can be initially obtained based on the relevant literature
screened from the database Web of Science, where keywords such as “EPC”, “design
optimization”, “design management”, or “design incentives” are used. According to the
literature review, expert opinions, and the features of EPC projects, this study establishes the
influencing factor system of multi-stakeholders’ participation in project design optimization
under EPC modes. The stakeholders in this influencing factor system primarily include
the designer, subcontractor, EPC contractor, and owner, who play a significant role in the
design optimization of EPC projects and are also emphasized in FIDIC Silver Book [27]
as well as government documents in some countries including China. Considering the
research objectives, this influencing factor system is divided into six subsystems and the
corresponding influencing factors (see Table 1). For instance, the design subsystem consists
of factors only affecting the designer’s participation in design optimization, while the
subsystem (designer and subcontractor) includes the factors that have an influence on the
two parties.

Designer subsystem. The subcontractor’s participation during design (S1) can help
designers to improve design efficiency and quality [11]. The strong design capacity of
designers (S,) is a prerequisite for achieving design optimization of a project [23] and the
design management level (S3) can influence design managers to conduct comprehensive
evaluations for drawings and propose detailed requirements for design optimization [6].
The cost control awareness of designers (S4) will prompt them to carry out design optimiza-
tion [28]; the rationality of design schemes (Ss5) can avoid the occurrence of many design
changes so that the designers have more time spent on design optimization [29]. The lower
level of design provided by the owner can lead to higher design quality, so appropriate
initial design quantities (S¢) will motivate the designer to take part in design optimiza-
tion [13]. The smoothness of information communication (S7) between the designer and the
owner will affect the enthusiasm of the designer to participate in design optimization [15].
The level of detail in design drawings (Sg) determines the workload of specifications that
the designer needs to provide, so the lower level of detail can allow the designer to spare
more time for design optimization [12]. Multi-stakeholders’ information coordination (Sg)
is beneficial for the designer to formulate targeted design optimization based on feedback
from others [30].

Subcontractor subsystem. The designer’s participation during construction (S1¢) can
ensure that project construction proceeds following the intention of design optimization
intention [12]. Design schedule control (S11) can avoid the impacts on the latter construction
schedule due to the untimely delivery of design documents and provide opportunities
for the subcontractor to identify optimization points in the design [31]. The frequency of
changes (517) will influence the efficiency of design optimization and the enthusiasm of the
subcontractor to participate in this activity [32]. Engineering insurance (S13) can help miti-
gate the subcontractor’s concerns as to whether design optimization during construction
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can be implemented successfully [33]. Constructability assessment (S14) can improve the
quality and efficiency of design optimization, which can be treated as a factor influencing
the subcontractor’s participation [34]. The long-term operation mode (i.e., construction
depending on the drawings) has limited personal initiative (S15) of the subcontractors,
thereby resulting in their unwillingness to participate in project design optimization [35].
The price fluctuation of the engineering market (S14) will directly impact the prices of con-
struction resources including materials and equipment [36], which may bring difficulties
for subcontractors to execute the scheme derived from design optimization.

Table 1. Critical factors influencing participation in design optimization of EPC projects.

Subsystem Influencing Factor

Subcontractor’s participation during design (S1)
Design capacity (Sz)
Design management level (S3)
Cost control awareness (Sy)
Designer Rationality of design schemes (Ss)
Appropriate initial design quantities (S¢)
Information communication (Sy)
Level of detail in design drawings (Sg)
Information coordination between
multi-stakeholders (Sg)

Designer’s participation during construction (Sy¢)
Design schedule control (S11)
Frequency of changes (S17)
Subcontractor Engineering insurance (513)
Constructability assessment (S14)
Personal initiative (Sq5)
Engineering market (S1¢)

Performance evaluation mechanism (S;7)
Policies and regulations (S1g)
Technological development (S19)

Risk management ability of EPC contractor (Syg)

Designer and subcontractor

Trust of the owner (S1)
Innovation awareness (S»,)
Owners’ attitude towards disputes (Sp3)
EPC contractor Degree of involvement in design management (Sp4)
Project document reviews (Sas)
Errors of materials provided by the owner (Syg)
Approval efficiency of design documents (S;7)

Project schedule (Syg)
Sensitivity to project cost growth (Sp9)
Selection of EPC contractor (S3)
Level of expertise (S31)

Owner

Contract formulation (S3;)

EPC contractor and owner Uncertainty brought by external environments (S33)

Designer and subcontractor subsystem. The effective performance evaluation mech-
anism (S17) established by the EPC contractor will stimulate the efforts of designers and
subcontractors in design optimization to enhance the benefits of multi-stakeholders [26].
Policies and regulations (S1g) [30], technological development (S19) [29], and the risk man-
agement ability of EPC contractors (Syg) [37] will, to some extent, affect the participation of
designers and subcontractors in design optimization.

EPC contractor subsystem. Since the owner usually doubts whether the optimized
design can satisfy technical standards, his/her trust (S1) will have an impact on the
enthusiasm of EPC contractors to participate in design optimization [38]. The innovative
awareness of the EPC contractor (Sy2) and the owner’s attitudes towards disputes (S»3)
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will affect the contractor’s enthusiasm for participation in design optimization [29]. The
degree of the owner’s involvement in the design management of the EPC contractor (Sy4)
may lead to the contractor’s unwillingness to carry out design optimization [39]. Project
document reviews (Sp5) can enable EPC contractors to identify problems with documents
including cost reports, drawings, and specifications in time and better coordinate with
the implementation of design optimization [40]. Errors in the materials provided by the
owner (Sy4) [41] and the approval efficiency of design documents (S7) [40] may affect the
implementation of design optimization.

Owner subsystem. To some extent, design optimization may delay the project schedule
(S28), so the owner will not accept the design optimization request from the EPC contrac-
tor [26]. Owners who are too sensitive to project cost growth (S»9) may not accept design
changes or the design optimization of engineering projects before EPC project bidding [40].
EPC contractors with strong innovation capabilities can better execute design optimization
especially when the information provided by the owner is less, so the selection of EPC
contractors (S39) will affect the owner’s participation in design optimization [13]. The
expertise level of the owner (S31) could have an influence on the implementation of design
optimization in EPC projects [42].

EPC contractor and owner subsystem. Reasonable contract formulation (S3;) can en-
able good communication between EPC contractors and the owner, which will be beneficial
for the later design optimization of engineering projects [29]. The EPC contractor and
owner may not conduct design optimization during the project to protect their interests
due to the uncertainty brought by the external environment (Ss3) [43].

3.2. DEMATEL-ISM Method

The DEMATEL method uses a weighted directed graph to evaluate the dynamic rela-
tionships between influencing factors, excavate their causal relationships, and then identify
the critical ones [44]. The ISM method is widely used to establish a hierarchical structure
that can describe the interactions between different factors [45]. The integration of the
two methods (i.e., DEMATEL-ISM) can not only investigate the hierarchical relationships
and logical structures among various factors within the system, but also comprehensively
identify the causal and consequence factors that affect the whole system. Currently, this
integrated approach has been applied to many research studies, such as obstacle analysis
of applying blockchain technology in power data trading [46], the identification of factors
affecting fuel consumption of vehicles on superhighway [47], and the determination of
factors influencing the use of artificial intelligence in elderly care service resources [48].
Therefore, this study will adopt the DEMATEL-ISM method to explore the hierarchical
structure and interrelationships among influencing factors of multi-stakeholders’ participa-
tion in EPC project design optimization. The primary steps for executing the DEMATEL
method are first displayed as follows [44]:

Step 1. Determine the set of influencing factors, which is represented by
S ={51,52,...,5:}.

Step 2. Establish the direct influence matrix X(X = [x;] _ ) by using a Likert five-
point scale (0-5) to describe interrelationships between these factors, where Xij indicates the
degree of direct influence of factor i on factor j: 0 (none), 1 (weak), 2 (general), 3 (strong),
and 4 (very strong).

Step 3. Obtain the normalized direct influence matrix G by means of Equation (1).

1
G=—F+%—"X(0=12,..., 1
e (= 12 m) M)

Step 4. Calculate the comprehensive influence matrix T = G(I — G)fl, where [ is the
unit matrix.



Buildings 2023, 13, 1654

7 of 16

Step 5. Calculate the two indexes of each influencing factor (E; and F;) using Equations
(2)-(3) according to the results of the comprehensive influence matrix T.

n

Eizle’jl(izl,z,...,n) (2)
i=1
n

F=)Y xj,(i=12,...,n) (©)
i=1

where E; (F;) is the extent to which factor i affects (is affected by) other factors.
Step 6. Calculate the degree of centrality M; and the degree of causality N; in terms of
each influencing factor following Equations (4) and (5).

Mi:El-—i—Fi,(i:l,Z,...,n) (4)

Ni:Ei—Fi,(i:1,2,...,n) (5)

The degree of centrality M; reflects the importance of factor i in the system; the larger
its value, the greater the importance of this factor. The degree of causality N; indicates
the direction in which factor i affects or is affected by other factors and the larger absolute
value reflects the degree of influence. If the value is greater than 0, this factor is regarded as
a causal element; otherwise, this factor is treated as a result element.

The primary steps for executing the ISM method are displayed as follows [45]:

Step 1. Calculate the comprehensive influence matrix of the whole system, i.e.,
H = T + I, where T is obtained from the DEMATEL method and I is the unit matrix.

Step 2. Obtain the reachability matrix K following the conversion rule (see

Equation (6)):
B Thj>A
kij = (6)
0 ]’ll] <A

where A is a threshold value to eliminate factors with less impact.

Step 3. Determine the reachability sets and the antecedent sets according to the final
reachability matrix K. For example, the reachable set R; and the antecedent sets P; of
influencing factor S; can be calculated using Equations (7) and (8), respectively.

Ri:{S]"SJ‘ GS,kZ‘j#O}, (izl,...,n) 7)

P = {sjls; €S,k #0}, (i=1,...,n) ®)

Step 4. Verify whether the following hypothesis (Equation (9)) is true. If it is true, this
indicates that the influencing factor s; belongs to the bottom level. Then, divide row i and
column i in the reachability matrix K.

R;=R;NP, (i=1,...,n) 9)

Step 5. Repeat Steps 3 and 4 of the ISM method until all influencing factors have been
crossed out.

Step 6. Establish a hierarchical structure of influencing factors in the order as they
are removed.

4. Result Analysis and Discussion
4.1. Data Collection

The values that describe the relationship between these influencing factors are derived
from experts’ opinions in the use of the DEMATEL-ISM method. In this study, a total of



Buildings 2023, 13, 1654

8 of 16

= designer
= EPC contractor
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20 experts were finally invited to discuss these factors and their detailed description can be

owner #1~3 w4~6 =7~10 =>10 " <3 " 3~5 -5
(b) (c)

Figure 1. The demographics of the respondents. (a) Affiliation. (b) Number of EPC projects partici-
pated. (c) Working experience in EPC projects (year).

seen in Figure 1.

15% ’

= subcontractor

4.2. Relationship Analysis of Influencing Factors
4.2.1. Comprehensive Analysis of Influencing Factors

The critical influencing factors in Table 1 are not isolated but there exists a relationship
between each other in design optimization of EPC projects. As such, the direct influence
matrix was first established by using pairwise comparison among these factors with a
Likert five-point scale (see Appendix A Table Al). Then, the results of influencing factor
analysis using the DEMATEL method can be obtained following the steps illustrated in
Section 3.2. Specifically, the influence degree (E;), influenced degree (F;), centrality degree
(M;), and causality degree (N;) among these influencing factors are shown in Table 2.

In terms of the centrality degree, the influencing factors of participation in design
optimization of EPC projects with the six highest values include Sy (risk management
ability of EPC contractor), Sy (information coordination between multi-stakeholders), S3p
(selection of EPC contractor), Sys (degree of involvement in design management), S33
(uncertainty brought by external environments), and Sy, (innovation awareness); denoting
these factors plays more prominent roles in the whole system. However, the corresponding
causality degree of the above factors tends to be negative, which means they are influenced
by other factors to some extent. The three lowest factors are S3; (level of expertise), S
(engineering market), and Sig (policies and regulations), so there exists a weak relationship
between these factors and others. By contrast, their causality degree is larger than zero,
indicating that these factors will have an influence on others in the system.

According to the values of the causality degree, these factors can be classified into
causal and result ones. There are 13 factors with a positive degree, where the top five factors,
that is, S19 (technological development), S1g (policies and regulations), S14 (engineering
market), S17 (performance evaluation mechanism), and S3; (level of expertise) are more
likely to affect other factors. The remaining factors with causality degrees of less than
zero are influenced by others, among which, Syg (project schedule), S11 (design schedule
control), S1; (frequency of changes), and Ss (rationality of design schemes) have the values
below —1.5.

Through the above analysis, we can find that such factors as So, S17, S2, S22, Soa,
S30, and S3; are significant in the whole system, all of which are mainly related to the
EPC contractor. In other words, the EPC contractor has the greatest influence on design
optimization of EPC projects among these stakeholders.
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Table 2. Comprehensive analysis results based on DEMATEL.

Influencing Factor E; F; M; N;
Subcontractor’s participation during design (S1) 3.74 3.67 7.41 0.07
Design capacity (S3) 3.82 3.06 6.88 0.76
Design management level (S3) 4.15 3.29 7.44 0.86
Cost control awareness (Sy) 3.74 3.77 7.51 —0.03
Rationality of design schemes (Ss) 3.05 5.37 8.42 —2.32
Appropriate initial design quantities (S¢) 2.89 3.84 6.73 —0.95
Information communication (Sy) 3.50 4.36 7.86 —0.86
Level of detail in design drawings (Sg) 3.62 3.80 7.42 —0.18
Information coordination between multi — stakeholders (Sg) 4.17 5.25 9.42 —1.08
Designer’s participation during construction (S1) 3.85 4.63 8.48 -0.78
Design schedule control (S17) 3.44 5.20 8.64 -1.76
Frequency of changes (S17) 3.63 5.43 9.06 -1.8
Engineering insurance (S13) 3.45 2.58 6.03 0.87
Constructability assessment (S14) 3.64 4.19 7.83 —0.55
Personal initiative (S15) 3.18 4.34 7.52 —1.16
Engineering market (S1¢) 3.49 0.48 3.97 3.01
Performance evaluation mechanism (S17) 422 1.30 5.52 2.92
Policies and regulations (S1g) 3.35 0.01 3.36 3.34
Technological development (S19) 4.29 0.17 4.46 412
Risk management ability of EPC contractor (Syo) 4.18 5.60 9.78 —1.42
Trust of the owner (Sy1) 4.08 4.96 9.04 —0.88
Innovation awareness (Sp,) 3.87 5.29 9.16 —1.42
Owners’ attitude towards disputes (Sp3) 4.06 3.63 7.69 0.43
Degree of involvement in design management (Sy4) 4.06 517 9.23 -1.11
Project document reviews (Sys) 3.05 2.22 5.27 0.83
Errors of materials provided by the owner (Sy) 3.20 191 5.11 1.29
Approval efficiency of design documents (S;7) 3.02 4.26 7.28 —1.24
Project schedule (Syg) 3.29 4.83 8.12 —1.54
Sensitivity to project cost growth (Sy9) 3.85 4.08 7.93 —0.23
Selection of EPC contractor (Sz) 4.34 4.99 9.33 —0.65
Level of expertise (S31) 3.31 0.72 4.03 2.59
Contract formulation (S3;) 3.61 4.86 8.47 -1.25
Uncertainty brought by external environments (S33) 4.66 4.51 9.17 0.15

4.2.2. Development of a Hierarchical Structure Model

Before using the ISM method for explanatory structural analysis of influencing factors,
it is significant to examine logical connections between components that influence or imply
each other. In Section 3.2, this method requires the input of thresholds A when converting
the overall influence matrix into the reachability matrix. Since the threshold values will
directly affect the composition of the reachability matrix and the structure division of the
whole system, it requires multiple experiments to obtain the optimal threshold and thus
generate the optimal hierarchical structure model. In this study, the reachability matrix
within 33 factors is determined by assigning 0.16 to the threshold. Accordingly, the results
of the reachability matrix can be seen in Appendix A Table A2.

Then, the reachable set and the antecedent sets of each influencing factor can be
calculated based on the reachability matrix, and a total of seven levels are divided according
to the principle (i.e., R; = R; N P;). As such, the hierarchical structure model for the factors
influencing multi-stakeholders’ participation in design optimization of EPC projects is
developed as Figure 2, which consists of three types of influencing factors, that is, surface
direct factor, intermediate indirect factor, and deep-rooted factor.

4.2.3. Analysis of the Causal Relationship between Influencing Factors

The causal relationship between these influencing factors can be found in the hierar-
chical structure displayed as Figure 2. Deep-rooted factors are composed of the factors
at levels one and two, where S; (subcontractor’s participation during design), Sz (design
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management level), S17(performance evaluation mechanism), S19 (technological develop-
ment), Sp3 (owners’ attitude towards disputes), Sy (sensitivity to project cost growth), and
S33 (uncertainty brought by external environments) belong to L. These seven factors are
highly independent of each other and are not influenced by other factors; meanwhile, they
can have a significant effect on multi-stakeholders’ participation in design optimization
of EPC projects, all of which will affect the factor S3y (selection of EPC contractor) at L.
This indicates that the EPC contractor selected by the owner can not only be influenced
by some factors derived from the designer, subcontractor, and EPC contractor, but can
also be affected by factors from the owner, such as a negative attitude towards changes
and more sensitivity to project cost growth and uncertainty, which makes it difficult to
choose the EPC contractor with a strong capacity in design optimization to some degree.
In addition, the factor S33 also has an effect on Sy4 (constructability assessment) at L3,
denoting that uncertainty brought by external environments could facilitate the subcon-
tractor to conduct a constructability assessment for this project. The factor S5 (personal
initiative) at Ly is influenced by S17 and Ss3, which is consistent with the reality. Due to the
unfair performance evaluation mechanism and uncertainty in EPC projects, subcontractors’
conservative attitudes lead to unwillingness to proceed with design optimization. The
factor S at Ly will affect S1g (designer’s participation during construction) at L3 and Sy
(trust of the owner) at L. This indicates that qualified EPC contractors should require
designers to participate in project construction and in turn receive the trust of the owner,
which could promote the implementation of design optimization of EPC projects. This
finding is consistent with the study of Fredrickson [12].

Surface Direct Factors

Deep-ra

Figure 2. The hierarchical structure model for influencing factors.

Intermediate indirect factors consisting of factors at three levels (L3, L4, and Ls)
will transfer the influences of deep-rooted factors on surface direct factors and indirectly
affect stakeholders’ participation in the design optimization of EPC projects. The factors
including S, (design capacity), S4 (cost control awareness), and Sg(level of detail in design
drawings) at L3 have a high degree of independence and only S19 and Sy4 will be influenced
by factors (Ssp and Ss3) at other levels. The factors at Ly composed of So(information
coordination between multi-stakeholders), Sy1, and Sy4 (degree of involvement in design
management) have a mutual influence between each other and are greatly affected by the
factors at L3. Furthermore, Syg (project schedule) at Ly is influenced by Sy since the owner’s
trust of the EPC contractor can mitigate worries about potential project delays resulting
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from design optimization. Sy(information communication), S13 (engineering insurance),
S16 (engineering market), Sig (policies and regulations), and S3; (contract formulation)
located at Ls are isolated, while Sy and S3; are affected by the factors from Ly4. On the one
hand, information coordination between parties enhances the communication between the
designer and owner. On the other hand, the information coordination, owner’s trust, and
involvement in design management could have an influence on the contract formulation of
EPC projects.

Surface direct factors include the elements at L and L7, where S1p (frequency of
changes), Sy (risk management ability of EPC contractor), and Sy, (innovation awareness)
at L¢ are greatly affected by the factors from Ls. This means these factors could influence
the risk management of EPC contractors and ineffective information communication will
result in the increase in project changes and lower innovation awareness of EPC contractors,
which is consistent with the finding stated in the study of Rahman and Kumaraswamy [49].
Furthermore, the factors at this level also have an impact on each other. For instance,
a higher frequency of changes will lead to difficulties in the risk management of EPC
contractors and more focus on risk management will lower their awareness to achieve
project innovation, which further reduces willingness to carry out design optimization. The
reminder of factors belong to Ly, including Ss (rationality of design schemes), S¢ (appro-
priate initial design quantities), S1; (design schedule control), S15, So5 (project document
reviews), Sy4 (errors of materials provided by the owner), Syy (approval efficiency of design
documents), Szg, and Sa; (level of expertise). There is no mutual relationship between
these factors, and S5 along with Sq; is influenced by all factors from Le. In practice, design
changes, risk management, and innovation awareness could enhance the reasonability
of design schemes. The increase in changes or unreasonable risk management will also
significantly influence the design schedule.

4.3. Recommendations

Based on the relationship analysis of influencing factors, some recommendations are
provided to promote the participation in the design optimization of EPC projects, in terms
of different stakeholders.

As for the designer, it is significantly important to improve their own design man-
agement capabilities and promptly grasp the use of new building materials, advanced
technics, and information technology [29]. The designer should improve the individual
design capacity [23] and cost control awareness to help actively carry out design opti-
mization. Furthermore, participating during the construction is beneficial to accelerate the
implementation of design optimization [12].

As for subcontractors, taking part in design optimization during the design phase is of
great importance [11] and it is also necessary to be familiar with advanced construction ma-
terials and technics as well as construction informatics. Constructability assessment should
be conducted to address the issues between design optimization and practical engineering.

As for the EPC contractor, developing a reasonable performance evaluation mech-
anism is the most crucial element of design optimization of EPC projects, which could
consider the demand from the designer and subcontractor to some extent and greatly
enhance their personal initiative. The level of detail of the design drawings should be
clarified in advance [12] so the designer can have sufficient time spent on optimizing project
design optimization. EPC contractors should purchase appropriate engineering insurance
and promptly respond to changes in the engineering market, policies and regulations
that will have an influence on project design optimization. In addition, EPC contractors
should conduct timely project document reviews [40] to avoid project document errors and
improve the approval efficiency of design documents.

For owners, it is suggested that they positively face the uncertainty brought by design
optimization [43] and give more trust to the designer. Also, it is helpful to improve the
level of individual expertise and provide the designer with an appropriate initial design
quantity to facilitate the proceeding of project design optimization.
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5. Conclusions

From the stakeholder perspective, this study investigates the critical factors influencing
multi-stakeholders’ participation in the design optimization of EPC projects and analyzes
the mutual relationship between these factors. First, 33 influencing factors are identified
based on the relevant literature, expert opinions, and the features of EPC projects, which
can be classified into six subsystems according to the different stakeholders involved in
project design optimization. Then, the DEMATEL-ISM method is adopted to explore
the hierarchical structure and interrelationships among these influencing factors. The
research results show that the factors including S¢ (information coordination between
multi-stakeholders), Sy (risk management ability of EPC contractor), Sy (innovation
awareness), Sy4 (degree of involvement in design management), S3g (selection of EPC
contractor), and Ss3 (uncertainty brought by external environments) have higher values of
centrality degree, which play more prominent roles in the whole system of project design
optimization and are influenced by other factors to some extent according to the negative
values of causality degree. Also, all these factors can be divided into causal factors (13),
including 514 (engineering market), S17 (performance evaluation mechanism), Sg(policies
and regulations), Sq9 (technological development), and Ss; (level of expertise), and result
factors, (20) including Ss (rationality of design scheme), S11 (design schedule control), S1»
(frequency of changes), and Spg (project schedule). Among these stakeholders, the EPC
contractor has a greater influence on the design optimization of EPC projects. A hierarchical
structure model is developed for the factors influencing stakeholders” participation in the
design optimization of EPC projects, which consists of three types of influencing factors,
that is, surface direct factor (Ss, Sg, S11, S12, S15, S20, S22, S25, S26, S27, Szg, and S31),
intermediate indirect factor (S», S4, S7, Ss, S9, S10, S13, S14, S16, S18, S21, S04, and S3p), and
deep-rooted factor (S1, S3, S17, S19, S23, S29, S30, and S33). Based on the research findings,
some recommendations are provided for each stakeholder to help promote participation in
design optimization of EPC projects.

In summary, an integrated method is proposed in this study to explore the mutual
relationship between these factors affecting the design optimization of EPC projects, which
strengthens the theoretical basis of influencing factor analysis and extends to the research
regarding the design optimization of engineering projects from technical analysis to factor
relationship investigation considering multiple stakeholders in a quantitative manner.
The research results of this study can also have great practical guiding importance for
project design optimization management, help formulate effective measures to promote
multi-stakeholders” participation, and further facilitate the sustainable development of
EPC projects.

There are still some limitations in this study. The internal influencing mechanism
of these factors is not explored completely by means of the proposed method. Future
studies can consider the identification of factors affecting stakeholders” participation in
design optimization of EPC projects at different stagess. Also, systematical simulation can
be adopted to quantitatively analyze the influence of each factor on the whole system of
design optimization.
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Appendix A
Table A1. Direct influence matrix.

S; 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33
1 0 26 24 06 34 2 2 26 24 25 24 3 0 26 01 01 O 0O 04 24 24 25 0 22 0 02 24 28 01 28 06 22 O

2 26 0 24 1 28 26 2 27 2 22 28 24 22 04 02 02 O 0 04 24 25 22 02 23 0 03 24 27 23 22 02 18 26
3 26 28 0 22 28 24 28 25 28 24 28 26 02 03 16 02 0 0 02 24 24 24 2 22 01 02 24 23 25 25 02 21 26
4 25 26 22 0 26 1 26 25 22 22 25 24 26 24 02 O 0 0 02 24 25 22 02 24 01 03 03 06 24 24 04 19 25
5 02 02 02 02 O 05 23 02 25 2 12 26 0 22 23 01 O 0 02 23 2 25 22 24 01 03 26 05 26 22 02 24 02
6 18 02 03 06 25 0 26 0 21 2 22 26 0 24 02 02 O 0O 04 26 2 23 02 22 0 03 04 04 23 2 04 2 18
7 22 06 05 08 23 21 0 24 22 26 29 22 0 04 23 01 O o 03 29 2 22 24 24 0 04 27 24 0 22 02 23 22
8 25 28 2 24 24 26 24 0 26 22 26 23 0 0 2 0O 02 0 02 26 13 24 03 26 02 04 27 2 02 22 03 18 25
9 26 03 21 08 25 24 28 24 0 25 28 22 0 04 21 02 24 O 0 28 27 2 22 24 22 2 28 27 23 1 04 2 26
10 22 26 18 07 25 22 11 26 21 O 28 24 0 26 2 0 02 O 0o 24 2 24 2 25 03 01 24 24 26 18 04 2 22
1 02 02 02 2 26 22 26 06 23 26 0 25 0 06 21 01 O 0 0 22 24 22 22 26 02 0 22 27 22 24 04 26 02
12 02 03 02 21 24 06 04 27 24 23 26 0 24 26 22 02 01 O 0 28 24 25 22 28 2 0 01 24 23 24 02 2 02
3 02 2 18 23 24 21 01 02 1 03 25 24 0 22 24 01 18 O 0 26 21 23 18 22 04 0 02 24 24 2 02 27 02
14 22 02 03 18 26 24 01 22 28 3 24 24 02 0 24 0 02 O 0 23 21 26 2 24 22 0 0 24 22 22 04 22 22
15 02 04 02 21 12 06 02 04 28 28 02 23 02 26 0 02 O 0 0 28 22 24 2 23 22 0 0 26 26 26 04 2 02
16 17 02 04 18 18 06 2 02 24 04 02 22 24 21 23 O 0 0 0 24 22 25 22 24 02 21 22 24 23 2 03 21 17
17 25 19 24 26 23 05 27 26 24 26 26 25 0 23 27 02 0O 02 0 24 25 23 26 26 02 06 02 23 22 24 04 18 25
18 18 06 07 06 25 04 06 21 24 22 26 22 02 06 18 0 22 0 0 26 22 24 03 22 02 02 04 22 22 22 02 24 21
19 24 23 24 24 22 06 22 22 22 2 27 24 0 22 2 02 02 O 0 23 18 29 03 23 22 16 24 22 23 22 26 22 16
20 24 04 2 2 21 18 24 23 22 22 22 22 23 24 23 02 2 0 0 0 2 22 22 24 22 04 2 18 22 25 02 22 2

21 06 22 17 22 24 18 25 22 28 03 21 2 2 2 27 02 02 O 0 26 0 2 28 23 02 26 26 22 22 24 03 24 21
2 18 22 18 21 26 06 04 24 21 22 02 24 21 26 19 01 18 0 0o 22 2 0 2 23 2 02 22 24 22 23 02 16 21
23 05 16 18 24 18 18 24 02 3 16 24 24 27 23 23 0 0 0 0 26 24 22 0 24 24 24 23 21 22 2 02 22 19
24 17 23 23 19 22 2 26 2 22 18 28 2 22 22 22 02 01 O 0 22 26 22 04 0 22 24 26 22 03 26 03 22 18
25 17 16 2 21 22 14 06 19 05 16 24 22 0 24 16 02 01 O 0O 22 22 2 02 04 O 04 02 2 21 21 02 15 18
26 16 18 2 08 18 22 12 22 1 22 27 23 02 14 17 01 02 O 0 22 12 22 04 02 24 0 13 24 07 2 04 17 2

27 19 04 2 03 24 11 2 09 24 22 28 25 02 1 14 02 02 O 0 22 12 22 06 06 04 04 0 26 08 24 02 2 18
28 18 02 05 02 18 22 24 06 23 18 28 24 02 16 24 01 02 O 0O 24 2 24 22 22 04 05 26 0 08 2 02 21 2

29 22 04 06 27 25 08 22 08 22 23 24 27 21 22 22 0 02 0 0 25 24 25 2 26 06 04 24 24 0 24 03 22 18
30 1.7 25 21 28 19 09 24 2 26 22 28 26 22 22 22 02 18 0 0 23 29 21 19 24 02 2 22 2 24 0 02 2 2

31 05 08 08 06 26 21 22 24 19 04 02 12 22 08 06 0 04 O 0o 14 2 24 19 24 02 17 24 24 28 22 02 24 17
32 08 2 2 22 28 22 24 04 25 06 24 25 22 24 18 0 02 O 0 25 19 26 09 25 05 22 27 1 05 12 02 O 2

33 22 18 2 26 2 25 22 2 23 21 24 22 26 22 25 24 25 O 0 27 21 24 21 26 22 2 2 24 11 2 02 26 O
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Table A2. Reachability matrix.
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