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Abstract: Digitalization is considered a dynamic change process powered by the rapid development
of innovative concepts (e.g., building information modeling) that brings substantial potential benefits
to the construction industry. However, previous studies of the benefits of digitalization (BIM) were
mainly based on laboratory data rather than actual practices, which compromised the reliability
of the results for construction practitioners. This study investigated the impact of digitalization in
EPC construction projects by integrating descriptive statistics and survey-based exploratory factor
analysis (SEFA). After a detailed review of related studies and meetings with experts, ten main
variables and 14 unified variables were identified. The data on these variables were collected by
questionnaire surveys and the extraction of information from project documentation. A total of
62 participants from 33 EPC construction projects responded to the questionnaire survey. The
SEFA results indicated that digitalization can improve both the cost and time performance, with
greater potential for improvement in time performance for EPC projects. In a scenario with limited
digitalization implementation, this research could motivate future researchers to develop more
applied research and guidelines to achieve best practices in the domain of the digitalization of
construction projects.

Keywords: digitalization; construction; BIM

1. Introduction

Digitalization is believed to be a transformative process dynamically led by the vast
benefits obtained from the rapid growth of smart technologies, automation, concept and
connectivity, which have brought magnificent potential benefits to the construction industry
from both cost and time perspectives [1]. To exploit digitalization’s advantages in the
construction sectors, the UK government launched the Digital Built Britain strategy to
implement the construction industry’s digitalization, and building information modeling
(BIM) is considered to represent the integration of digital technologies and innovative
concepts for the construction sector’s digitalization [1–3]. As one of the leading economies
and home to many of digital technology integration (BIM)’s adopters and investors globally,
similar to the UK, China is encouraging all industries to embrace a broader digital landscape
and promoting the newest resources of digitalization (e.g., BIM technology, BIM strategy,
BIM concept) among all researchers and practitioners [2]. China’s government released
the 14th Five Year Plan [4] by assigning the mission of ensuring the progression of the
construction industry’s digitalization to reformed large state-owned enterprises (LSOEs).

Engineering, procurement, and construction (EPC) projects, defined as projects (usu-
ally as a mega-project) regulated by an EPC contract, allow the main contractor to take
responsibility for the detailed engineering design, procurement, and construction until the
commission and handover phase [5]. Many researchers and practitioners believe that the
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EPC method can exploit the potential for minimizing project delays with the improvement
of information centralization and offers the possibility for improving the experience of end
customers [6]; it is widely adopted by Chinese construction companies (not least LSOEs) [7]
and has resulted in considerable shifts in their benefits [8]. With a guarantee from LSOEs
under EPC regulation, it has been suggested that the EPC primary constructor has greater
freedoms and motivation to keep tracing progress and updating the contingency analysis
to ensure the quality of the project, instead of prioritizing rushed deliveries [9].

Laboratory experiments on BIM’s uses in the construction sector have already demon-
strated its numerous benefits [10] and raised many researchers’ and practitioners’ concerns
about the actual performance of these techniques in terms of time and cost aspects. Many
international institutions from construction, architecture, civil engineering, and even the fi-
nance industry have investigated the benefits of digital technologies in construction projects
in their methods [11]. However, compared to laboratory experiments, actual project experi-
ments contain abundant uncontrolled variable factors (e.g., reluctance from stakeholders,
fraud involving sensitive data, culture, and price index) [12], which reduce the reliability
of data information and their interpretation [13]. In order to extend digitalization (e.g., the
implementation of advanced digital techniques in construction projects), a locally aimed
and reliable analysis should be established for understanding how digitalization impacts
construction projects, as well as the direction of construction’s digitalization at a local
scale, instead of generalizing for each country or even each state. However, many local
government sectors and institutions promote BIM with data from overseas, which may
result in misinterpretations among national researchers and practitioners that may even
hinder the progression of the digitalization of construction in China [14].

This study aims to develop a consequence-oriented analysis to interpret the true
impact of an improvement in BIM-based digitalization in EPC construction projects locally
and acceptably. First, the current BIM situation in the Chinese construction industry, the
leading digital technologies, the detailed EPC contract mechanism, and the market size of
EPC construction projects in China are demonstrated through a literature review in order
to provide readers with an understanding of the background of this study. Secondly, some
local institutions and companies were invited to help as consultants and data collectors in
this study. Meanwhile, a questionnaire containing basic required information (e.g., project
manager information, engineer information) and key project information (e.g., design
cost, building cost, project period, and cost factor) was designed and authorized, and
on-site investigations were scheduled in order to collect constructors’ opinions on BIM and
its performance. With the results of this study, a relatively authentic and locally aimed
discussion is performed on how digitalization (BIM integration) impacts construction
projects’ performance. Furthermore, this study exploits the results and project data to
explore the main directions of digital technology implementation in local construction
projects and how local construction companies engage in digitalization. Some limitations
of the study are noted, and future research directions are provided in the Conclusions.

2. Literature Review
2.1. Features of the EPC Project

EPC projects have the potential to address issues of high complexity by introducing an
integrated thought process during design, procurement, construction, and commissioning.
In an EPC project, the general contractor, as a single entity, assumes responsibility for the
design, execution, and completion of the project and, at the same time, deals with a wide
range of risks from organizational, socio-political, economic, environmental, and other
perspectives [15]. Many researchers have studied the more concentrated allocation of risk
within the organization to customers and general contractors [16]. Therefore, it is suggested
that trust-based organizational relationships, such as partnerships, can directly promote
organizational capacity and risk management and affect risk management by improving
organizational capacity, thus improving project performance [15–17].
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In an EPC project, the contractor assumes all responsibility from the beginning. This
includes the provision of engineering services, material procurement, and construction
services. With the rapid development of the global economy and the development of
various industrial sectors, the popularity of EPC project procurement has increased [6].
The demand for EPC projects is influenced by population growth (e.g., labor cost) [18],
national economic growth (e.g., ease of material acquisition, price index) [19], sustainable
development (e.g., government policy, regulation) [15], and other factors (e.g., expert
skills) [1–3].

EPC projects involve many people, use many resources, and face many uncertainties
and risks, which will affect the project performance [17,20]. As with most projects operating
in a worldwide business environment, EPC project participants need to quantify the
business impact of related digital technology investments. Many participants believe that
if they invest in digitalization, they will immediately improve their operating efficiency
and improve their performance standards, and one of the new methods and technologies
in this area is the building formation model (BIM) [20–22].

2.2. Integration of BIM with Other Digital Technologies

The building information model was created to address the lack of coordination among
architecture, engineering, and architecture participants. Decades of BIM development have
made it easy for these participants to exchange data (e.g., Internet of Things, 3D printing,
Geographic Information Systems) [23,24] and collaborate in real time, from concept design
through the detailed construction drawing stages and throughout the project life cycle (e.g.,
asset information management, facility management, Building Automation Systems) [24].

The trend today is to combine other established concepts with 4D/5D BIM (e.g., 4D
printing, VR/AR) with standardized construction delivery methods and complementary
processes/technologies (e.g., Integrated Design and Delivery Solutions) [25]. Some re-
searchers have noted that the introduction of the concept of digital twins in architecture
and the built environment began to generate a heated discussion on social media regard-
ing its description, definition, and interaction with BIM concepts [26]. Meanwhile, some
artificial intelligence solutions, such as natural language processing, risk reduction, au-
tomation optimization, and block-chain implementation, used in construction engineering
and management have raised a range of concerns among BIM-related researchers [27].

2.3. Performance of BIM in Construction Projects

In a study of seven cases of building projects using precast concrete structures, a
performance analysis found that BIM eliminated up to 50% of design errors [28], and it
was verified that the BIM-aided design reduced construction waste by 4.3–15.2% in two
example projects [29]. In a case study of a project involving a structural engineering firm,
Kaner et al. [30] analyzed the impact of BIM on correcting design errors, reexamining the
design of complex parts, and analyzing the time improvement of the field drawing process.

While the additional electrical system installation cost resulting from the design
modification accounted for 1–2% of the total heavy industry cost, the exact cost was reduced
by 0.2% in a BIM-assisted hospital project [31]. In BIM-assisted projects, the number of
design modifications in mechanical systems was decreased by 47% [32]. BIM was applied
to pre-construction design and development, where 55 conflicts were identified in the final
phase, thus avoiding USD 124,500 in damage, and an additional 590 conflicts were added
to the MEP system before installation, resulting in total savings of USD 564,220 [33]. The
net effect of BIM was found to be 25%, not including 75% of the total BIM cost savings,
given that conflicts can be resolved traditionally [34].

2.4. Building Type in China’s EPC Projects

Usually, in order for Chinese people to live, study, and work, they must live and
engage in production and in a variety of cultural and social activities within housing, called
buildings, such as houses, schools, theaters, etc. According to the literature, building uses
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can be divided into civil, industrial, and agricultural [35]. Civil buildings can be divided
into residential buildings and public buildings. According to the differences in their use,
industrial buildings can be divided into plants and warehouses (the authors classify the
buildings in a given region according to their specific types) [36].

According to Article 5.1.1 of the Building Regulation (GB50016-2014), civil buildings
can be divided into single multi-story and high-rise civil buildings according to the height
and number of floors. In high-rise civil buildings, according to their height, the building’s
area of use and floors can be divided into one class or two classes (the authors consider
these building types as residential types) [35].

The first types of high-rise residential buildings are those with a height greater than
54 m (including those with commercial service outlets), and the second types of high-
rise residential buildings are those with a height greater than 27 m but not greater than
54 m (including those with commercial service outlets). Single-story and multi-story
residential buildings have a height of no more than 27 m (including those with commercial
service outlets).

The commercial service network mentioned here refers to shops, post offices, savings
offices, barbershops, and other small commercial rooms set up on the first floor or first and
second floors of residential buildings with a building area of no more than 300 m2 per unit
(the authors refer to these building types as commercial types).

As the highest form of the current real estate model, HOPSCA is a new composite
real estate model that grows by integrating urban functions, with large-scale and com-
plex spaces, and streamlines the organization. La Defense, first established in 1986 in
Paris, is an urban complex integrating hotels, office buildings, ecological parks, shopping
malls, clubs, and high-end residences. The HOPSCA model of HOTEL+OFFICE+PARK+
SHOPPINGMALL+CONVENTION+APARTMENT embodies the development of the
double-track model of business-supporting facilities and life services. It is a modern
agglomeration area with a perfect overall layout, apparent functional features, diversi-
fication, and multiple levels. It represents a new and modern type of commercial real
estate [37].

2.5. The Challenges of COVID-19

COVID-19 has caused widespread socio-economic disruption, with devastating effects
in many areas of life. Much of what we know about the true health of the architecture,
engineering, and construction (AEC) industry in the face of COVID-19 is based on very
limited data [38].

The ongoing COVID-19 emergency has clearly created new challenges for AEC indus-
try personnel, such as the difficulty of maintaining public health or ensuring that their and
relevant institutions’ responses are ethical. As values clash in the response to the crisis,
AEC participants have had to prioritize some at the expense of others: the immediate
and complete shutdown of public life may be the most effective in stopping the spread of
COVID-19; nonetheless, these industries are also struggling with supply chain disruptions
and labor shortages [38,39].

The extraction of raw materials for the production of building materials, the entire
construction industry, material transportation, inspection, labor, etc., are facing challenges.
AEC industries in many countries rely heavily on imported building materials such as
steel, windows, joinery, tiles, float glass, and curtain walls, and China is the world’s
largest exporter of building materials [40]. Supplies of these building materials have
been disrupted amid China’s response to the spread of COVID-19, leading to widespread
lockdowns and temporary closures of manufacturing plants. Many AEC industry personnel
and experts have been affected by the virus and quarantined, resulting in a shortage of
labor, which has caused delays in construction projects and exerted a negative impact on
the digitalization process [41].
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3. Research Methodology

This study aimed to investigate whether laboratory-based experimental results re-
garding the time and cost performance impact of digitalization are consistent with those of
real-life projects in China. The results should provide Chinese practitioners and researchers
with a more accurate assessment of the benefits of digitalization in the Chinese construction
industry, eliminating the need to rely on laboratory results, as most practitioners in China
do. Meanwhile, the study also aimed to interpret the primary trends of digital technology
implementation in Chinese construction projects in order to visualize the future path of
digitalization in the Chinese construction industry. The research methodology included
four stages, from preparation to performance analysis.

3.1. Stage 0: Preparation
3.1.1. Identification of Main Variables

When conducting the consequence-oriented analysis of this study, the variable factors
associated with the utilization of digital technology in experiments and real projects were
discussed and further identified after a meeting of collaborating practitioners from the
architecture, construction, and engineering industry, and also some companies representing
the construction supply chain. The main variables are shown in Table 1.

Table 1. Main variables.

Main Variables

1 Location 6 Expected(Testing) Economical Performance

2 Building Type 7 Actual Economical Performance
3 Problems 8 Expected(Testing) Time Performance
4 Technology Used 9 Actual time Performance
5 Technology Purpose 10 Experience of User

3.1.2. Identification of Project Criteria

In order to control the variable factors regarding the utilization of digital technology
in experiments and actual projects and to unify the project environments, construction
projects under EPC specifications and operated by LSOEs with advanced digital technology
implementations were selected; furthermore, appointments were scheduled and authorized
by these LSOEs and by project managers [42–44]. The unified environment factor criteria
were followed (Table 2):

Table 2. Unified environment factor criteria.

Unified Environment Factors Criteria

NO Standard Content Location

1 ISO 16739 Industry Foundation Classes (IFC) for data sharing in the
construction and facility management industries International

2 ISO 29481 Building information models—Information delivery manual International

3 ISO 12006 Building construction—Organization of information about
construction works International

4 ISO 19650
Organisation of information about construction
works—Information management using building
information modelling

International

5 PAS
1192-5:2015

Specification for security-minded building information
modelling, digital built environments and smart
asset management.

International

6 PAS
1192-3:2014

Specification for information management for the operational
phase of assets using building information modelling (BIM) UK

7 AEC (UK) BIM
Protocol

Implementing UK BIM Standards for the Architectural,
Engineering and Construction industry UK

8 BS 1192-4:2014 Collaborative production of information. Fulfilling
employer’s information exchange requirements using COBie. UK

9 BS 8536-1:2015 Briefing for design and construction. Code of practice for
facilities management (Buildings infrastructure) UK
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Table 2. Cont.

Unified Environment Factors Criteria

NO Standard Content Location

10 GB/T51212-2016 Unified standard for building information modeling P.R.China

11 DB34/T 3838-2021 Standard for classification and coding of highway engineering
building information model P.R.China

12 GB/T51301-2018 Deliver Standard of Building Design-Information Modeling P.R.China

13 GB/T51362-2019 Application standard for manufacturing industry design
information model P.R.China

14 GB/T51235-2017 Standard for building information modeling in construction P.R.China

3.1.3. Questionnaire Design

The questionnaire consisted of 15 questions covering the background information
of the respondents (e.g., job, position in the project), questions (e.g., how do you rate
digital technology in your occupation?) to collect their opinions regarding advanced digital
technology implementation, and six mixed questions (e.g., as part of your occupation,
have you ever faced one or more of the following problems which can be improved or
solved by recently implemented digital technology? Please select, if other, please specify)
regarding the problems in local projects and recently implemented digital technologies in
local projects.

3.1.4. Requirements of Project Documentation

With a half-month-long discussion about the feasibility of sensitive data collection
and the convenience of collecting data with cooperators and other institutions, an acknowl-
edgment of the project documentation requirements was accepted by both cooperators
and other institutions. The content of the project documentation consisted of (1) basic
project information, (2) key digital technology(ies) implemented in the project, (3) achieve-
ments resulting from implementation of key digital technology(ies), and (4) future view of
digitalization based on experience.

3.2. Stage 1: Data Collection
3.2.1. Questionnaire

The questionnaire was finalized by 22 December 2018. Considering the long holidays—
for example, New Year (1 January 2019), Chinese New Year (4 February 2019), and the
traditional Chinese Lantern Festival (19 February 2019)—and issues surrounding COVID-
19, 46 questionnaires were completed by target respondents via unofficial phone interviews
and transcribed by researchers, while 16 were completed face-to-face (performed during
on-site project investigation), and the questionnaire dataset was compiled by 18 May 2020.

3.2.2. On-Site Project Investigation

Collaborating institutions arranged four on-site project investigations, as shown in
Table 3.

Table 3. On-site investigation schedule.

On-Site Investigation

NO Location Building Type Assigned Time

1 SHENZHEN, CHINA Commercial 13 April 2019
2 NANJING, CHINA Residential 14 March 2019
3 ZHOUSHAN, CHINA Specialty 20 March 2019
4 CHONGQING, CHINA Civil Engineering Structure 13 May 2019

3.2.3. Project Documentation

The required project documentation, which contains basic project information, digital
technology implementation information, major challenges of projects, achievements after
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utilizing digital technology, and future blueprints of digitalization in construction projects
based on project experiences, was emailed to the target project managers in order to
collect the necessary data from the cooperating institutions. The documentation data were
collected by 18 May 2020.

3.3. Stage 2: Rough Data Clearing
3.3.1. Questionnaire

Data from a total of 62 questionnaires were compiled in the dataset and respondents
occupied a varied range of positions in the project, as shown in Table 4.

Table 4. Personnel attributes.

Personal Attributes

Position Number of Respondents Percentage (%)

Project manager 16 0.258065
General engineer 8 0.129032

Designer 13 0.209677
Key Engineer 19 0.306452
Cost engineer 6 0.096774

Total 62 1

3.3.2. On-Site Project Investigation

Considering the fraud and bias problems associated with questionnaires and project
documentation due to culture, sensitivity, intentions, and personal attitudes, etc., in order
to validate the reliability and authenticity of the results of this study, four unfinished
projects were selected under the principles of convenience and representativeness, and
some accurate digital technology (e.g., 3D modeling, site tablet) implementation situations
were documented and also recorded in the form of images.

3.3.3. Project Documentation

Documentation from a total of 33 projects was collected. According to the content of
the project data in the provided project documentation, the preliminary project information
was summarized as shown in Tables 5 and 6.

Table 5. Location information of cases.

Location Information of Cases

Region Frequency of Case Province City

East China 10 cases

Shanghai Shanghai
Shanghai Shanghai
Shanghai Shanghai

Anhui Chuzhou
Anhui Jingdezhen

Shandong Qingdao
Jiangsu Nanjing
Jiangsu Yancheng
Jiangxi Nanchang

Zhejiang Zhoushan

Central China 2 cases
Hunan Ningxiang
Hunan Changsha

North China 6 cases

Beijing Beijing
Beijing Beijing
Beijing Beijing

Jilin Changchun
Tianjin Tianjin

Heilongjiang Harbin
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Table 5. Cont.

Location Information of Cases

Region Frequency of Case Province City

South China 8 cases

Guangdong Shenzhen
Guangdong Shenzhen
Guangdong Shenzhen
Guangdong Guangzhou
Guangdong Shenzhen

Guangxi Nanning
Guangxi Nanning
Guangxi Nanning

Southwest China 6 cases

Chongqing Chongqing
Sichuan Chengdu
Sichuan Luzhou
Sichuan Chengdu

Chongqing Chongqing
Chongqing Chongqing

Oversea 1 cases The United States Saipan

Table 6. Building type information of cases.

Building Type Info of Cases

Case Number Building Type (Main) Building Type (Specification)

1 Commercial Hotel
2 Commercial Retail
3 Specialty Civic
4 Commercial Office
5 Commercial Office
6 Specialty Gym
7 Commercial Office + Retail
8 Specialty Healthcare
9 HOPSCA Office + Retail + Apartment
10 Residential Apartment
11 Commercial Office + Retail
12 Specialty Civic
13 Specialty Transport + Civic
14 Commercial Office + Retail + Special Purpose
15 Commercial Hotels
16 Infrastructure Sewage plant
17 Residential Apartment
18 Commercial Retail + Theme park
19 Specialty Government
20 Specialty Civic + Transport
21 Commercial Retail
22 Commercial Office
23 Specialty Transport
24 Specialty Religion
25 Commercial Retail
26 HOPSCA Office + Retail + Apartment + Hotels
27 Civil Engineering structure Tunnel + Bridge
28 Specialty Museum
29 Commercial Retail
30 Specialty Gym
31 HOPSCA Office + Retail + Apartment + Hotels
32 Residential Apartment
33 Specialty Healthcare
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3.4. Stage 3: Performance Analysis
3.4.1. Cost Performance

Based on certain data in the project documentation (e.g., clash detected amount,
potential material savings in scheduling optimization, material savings in the construction
phase), the cost performance was calculated and analyzed using two measures, namely
actual cost saving in RMB/m2 (ACS) and potential cost saving in in RMB/m2 (PCS)
indicated at the design stage, where

ACS = (contract sum − actual cost)/total building area (1)

PCS = (potential cost saving at design phase)/(total building area) (2)

ACS is realized as savings in construction cost, while PCS is a laboratory-based theo-
retical measure of savings in construction cost using digitized technologies. A comparison
of ACS and PSC shows how well the cost saving potential generated from laboratory data
during the design stage was achieved in practice.

3.4.2. Time Performance

Based on data collected from the project documentation (e.g., time saving in the
design phase, time saving in on-site layout, time saving in training installers), the time
performance was calculated and analyzed using two measures, namely actual project time
saved (ATS) and potential time that can be saved indicated at the design phase (%), where:

ATS = ((actual project time saved)/(total contract period)) × 100% (3)

PTS = ((potential time saving in design phase)/(total contract period)) × 100% (4)

ATS is realized as the savings in construction time, while PCT is a laboratory-based
theoretical measure of savings in construction time using digitized technologies. A compar-
ison of ATS and PTC shows how well the time saving potential generated from laboratory
data during the design stage is achieved in practice.

4. Data and Results

This section presents the opinions of different stakeholders regarding unethical prac-
tices, BIM functions, and various types of construction-related information, as well as
contractors’ opinions on information sharing in the BIM context and their attitudes towards
BIM adoption.

4.1. Technology Utilization and the Difficulty(ies) Faced during the Project
4.1.1. Summary of the Key Purposes of Local Construction Project Participators

The results regarding difficulties were derived from the multiple-choice question about
the challenges that the projects encountered, which motivated the companies to adopt BIM.
Table 7 shows the primary purposes (difficulties) that our respondents (62 responders)
mentioned in 33 cases, with reference to the frequency and the percentage of cases. It can be
seen from Table 7 that difficulties in the construction schedule, unexpected safety problems,
barriers in the data environment, and low visualization on a project occurred the most
(over 70%).
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Table 7. Purposes of technology utilization.

Purposes of Tech Utilization

No Purpose of Digital Tech Frequency Frequency over all Data Case

1 Construction Schedule Management 29 88%
2 Construction Safety Management 28 85%
3 Data Environment 27 82%
4 Visualization 24 73%
5 Prefabricated Component 19 58%
6 Construction Quality Management 18 55%
7 Special Structure Assembling 17 52%
8 Collaboration 17 52%
9 Asset Information Model 16 48%
10 On-site construction management 14 42%
11 Cost Estimation 14 42%
12 Site Layout Planning 13 39%
13 Special Structure Design 13 39%
14 Multi-disciplinary Technical Design 8 24%
15 Geological model 6 18%
16 Blasting and Earthwork Engineering 5 15%
17 Historical Building protection 2 6%
18 Mechanics Analysis 1 3%

4.1.2. Summary of the Key Digital Technologies Related to Solving Difficulty(s) in a Local
Construction Project

The results for technology utilization were derived from the multiple-choice question
about utilizing BIM to solve difficulties (their answers in the difficulties section). As
Table 8 shows, the highlighted difficulties, including managing construction safety (No. 1),
controlling construction quality (No. 1), and planning site layout (No. 3) resulted in a
complex situation that required more technologies (see the requirement of technology in
the ‘Tech & Describe’ column of Table 8) or needed a higher digitalization level for an EPC
project participant. However, the need for techniques of estimating cost, designing special
structures, and building multi-disciplinary technical design (tied for last place) showed
minimal importance (the lowest requirement for specific techniques).

4.2. Improvement of Digitalization Benefit in Cost Performance

Some respondents refused to indicate their financial information due to confidentiality
concerns. Hence, only 27 cases’ cost performance data were collected. Table 9 shows the
designated cost saving via the adoption of additional technologies besides the traditional
ones, and the actual cost saving generated with a higher rate of technology utilization.

4.3. Improvement of Digitalization Benefit in Time Performance

Considering the low rate of comparing new-generation technology and traditional
technology among the respondents, 25 samples containing more comprehensive data were
collected, and the results are listed in Table 10.
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Table 8. Digitalization improvement (technology utilization) for particular purpose(s).

Digitalization Improvement (Technology Utilization) for Purpose(s)

No Purpose (Ranking#) Tech & Describe No Purpose (Ranking#) Tech & Describ

1 Site Layout Planning (3)

1. 3D modeling
2. VR
3. 3D Laser scanning
4. Oblique photography
5. GIS
6. 4D SCHEDULING
7. 4D Assembling

9

Construction Quality
Management (1)

1. 3D modeling
2. VR
3. AR
4. Solid Model (include 3D
printing)
5. 3D Laser scanning
6. Oblique photography
7. Lofting robot
8. IoT
9. Collaboration platform

2 Blasting and Earthwork
Engineering (4)

1. 3D Laser scanning
2. Oblique photography
3. GIS
4. 4D SCHEDULING
5. Lofting robot
6. 5D BIM 10 Special Structure Design (15) 1. 3D modeling

3 Construction Schedule
Management (7)

1. 3D Laser scanning
2. Oblique photography
3. 4D SCHEDULING
4. 4D Assembling
5. Lofting robot

11 Historical Building protection
(4)

1. 3D modeling
2. VR
3. 3D Laser scanning
4. 4D Assembling
5. Lofting robot
6. IoT

4 Visualization (4)

1. 3D modeling
2. VR
3. AR
4. Solid Model (include 3D
printing)
5. 3D Laser scanning
6. Oblique photography

12 Special Structure Assembling
(7)

1. VR
2. AR
3. Solid Model (include 3D
printing)
4. 4D SCHEDULING
5. 4D Assembling

5 Prefabricated Component (12)
1. 3D modeling
2. Solid Model (include 3D
printing)

13 Geological model (9)

1. 3D modeling
2. 3D Laser scanning
3. GIS
4. IoT

6 Data Environment (12) 1. CDE
2. Collaboration platform 14 Multi-disciplinary Technical

Design (15) 1. 3D modeling

7
Construction Safety

Management (1)

1. 3D modeling
2. VR
3. 3D Laser scanning
4. Oblique photography
5. GIS
6. 4D Assembling
7. Lofting robot
8. IoT
9. Collaboration platform
10. AI

15 On-site construction
management (10)

1. IoT
2. 5D BIM
3. AI

16 Collaboration (12) 1. CDE
2. Collaboration platform

17 Mechanics Analysis (15) 1. 5D BIM

8 Asset Information Model (10)
1. IoT
2. CDE
3. 3D modeling

18 Cost Estimation (15) 1. 5D BIM
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Table 9. Cost performance.

Cost Performance

Case No PCS
(yuan/m2)

ACS
(yuan/m2) Case No PCS

(yuan/m2)
ACS

(yuan/m2)

1 3.0 2.5 15 56.0 7.0
2 3.4 1.7 16 71.8 35.9
3 4.2 28.9 17 79.6 74.3
4 7.4 6.3 18 95.5 0.0
5 9.4 5.7 19 95.7 46.4
6 11.6 8.4 20 147.5 2.7
7 13.2 2.8 21 190.5 95.2
8 16.4 0.0 22 192.1 0.0
9 18.3 12.5 23 195.4 56.2

10 18.5 2.6 24 382.5 127.5
11 23.9 0.0 25 522.7 418.2
12 28.5 19.9 26 939.3 155.6
13 34.0 33.8 27 3500.0 1610.0
14 42.4 32.6

Table 10. Time performance.

Time Performance

Case No PTS
(days/m2)

ATS
(days/m2) Case No PTS

(days/m2)
ATS

(days/m2)

1 2.6% 3.0% 14 6.4% 5.4%
2 2.7% 1.4% 15 10.0% 3.0%
3 2.7% 2.7% 16 10.1% 3.5%
4 4.6% 0.0% 17 10.3% 8.0%
5 4.8% 0.0% 18 11.0% 11.0%
6 5.0% 5.0% 19 11.2% 11.1%
7 5.0% 4.0% 20 16.0% 0.0%
8 5.0% 5.0% 21 18.9% 8.4%
9 5.0% 4.4% 22 18.9% 6.1%

10 5.6% 2.9% 23 25.0% 6.0%
11 6.0% 1.5% 24 32.0% 30.0%
12 6.0% 3.4% 25 44.0% 44.0%
13 6.0% −34.6%

4.4. Utilization of Technology in On-Site Projects for Particular Purposes

Table 11 indicates the frequency with which each technology used for a specific
purpose, where 3D modeling was the most popular technology used in our sample cases.
Moreover, 3D laser scanning, VR, oblique photography, and IoT were also frequently used
digitization technologies.
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Table 11. Technology utilization.

Technology Utilization

Technology Name Frequency

3D modeling 9
3D Laser scanning 8

VR 6
Oblique photography 6

IoT 6
4D Assembling 5
Lofting robot 5

Solid Model(include 3D printing) 4
GIS 4

4D SCHEDULING 4
5D BIM 4

Collaboration platform 4
AR 3

CDE 3
AI 2

5. Analysis and Discussion

Based on the above results, this section aims to discuss how the improvement of
digitalization (utilization of BIM-based technology) impacts EPC projects to enhance the
cost and time performance by analyzing the sample data.

5.1. Impacts of Digitalization Improvement on EPC Projects’ Cost Performance

One of the aims of this research was to estimate the benefit that would be achieved in
terms of cost performance by utilizing new digital technologies in real-life EPC projects. To
achieve this, three indicators were developed, described in this section, namely (1) the Cost
Achievement Ratio (car); (2) the Potential Cost Saving Index (pcsi); and (3) the Actual Cost
Saving Index (acsi).

As mentioned previously, the realized cost benefits resulting from the adoption of new-
generation digital technology can be measured by a comparison of the potential cost saving
predicted during the design stage and the actual cost saved during construction compared
to the contract sum. The former is measured by the pcsi and the latter is measured by
the acsi. The ratio of acsi to psci is a measure of how well the use of digital technologies
enhances the cost performance; therefore, the Cost Achievement Ratio is defined as:

Cost Achievement Ratio (car) = acsi/pcsi × 100% (5)

where

Potential Cost Saving Index (pcsi) = PCS/(contract cost per m2) × 10,000 (6)

Actual Cost Saving Index (acsi) = ACS/(contract cost per m2) × 10,000 (7)

The car, pcsi, and acsi of the sampled projects are shown in Figure 1.
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Figure 1. Cost performance of 27 projects.

5.1.1. Distribution of Cost Performance

It is shown in Figure 1 that only one case’s real cost saving (asi = 28) surpassed the
expectated cost saving (psi = 4), and four cases (psi = 58; 100; 42; 51) showed no changes
between the total actual construction cost and the contract price (asi = 0). The average Cost
Achievement Index was 46.54%, and the median value was 50%, which is shown in the
frequency distribution (with the exclusion of the highest score and the lowest score for
amendment) in Figure 2.

Figure 2. Normal distribution (25 samples).

5.1.2. Discussion of Time Performance

With a similar result to the result for cost performance, there was insufficient evidence
of the building type variable’s (see Table 1) impact on period factors, since the building
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types of (1) three neutral cases, respectively, were commercial, specialty, and residential;
(2) the surpassed case was HOPSCA; (3) and the declined case was a specialty.

Time savings data from Aylesbury Crown Court’s report indicate that the project
was typically around 60 days ahead of schedule and there was a time saving of a couple
weeks during the design phrase [45]. In contrast to the cost saving results, the mean
estimated time saving during this phase was 93 days, and the mean actual time saving
during the completion stage was 34 days; meanwhile, the mean actual time saving would
have changed to 56 days if the biased sample (project delayed for 484 days due to some
unknown reasons) was excluded.

With a short expert group discussion, the main potential causes of the variation in
the time performance with each latest digital technology applied in the EPC projects were
inferred as follows:

(1) the discrepancy in process requirements resulted in the labor time;
(2) the discrepancy in materials or structure resulted in the assembly time;
(3) the information asymmetry between constructors and owners resulted in unethi-

cal practices;
(4) the negative impact of COVID-19 during the period of 2019–2020 resulted in a disap-

pointing delay in the worst case.

5.1.3. Discussion of Cost Performance

The responses to the questions about the impact of building type on cost performance
showed a high level of agreement (see Table 1); however, the building type of only one
successful case was commercial; the building types of the four neutral cases, respectively,
were commercial, religious, HOPSCA, and residential. According to the utilization of
the latest digital technologies, there is no substantial evidence to indicate the impact of
building type on cost saving.

According to reports by Endeavour House and Festival Place, the estimated cost saving
during the construction phase should be in the range of 8.5–9.5% [46]. The estimated mean
cost saving during the construction phase was 3.24% and the final mean value in real
practice was 1.36%.

With a short expert group discussion, the leading potential causes of the variation in
the cost performance when each latest digital technology was applied in the EPC projects
were inferred as follows:

(1) the regional discrepancy in urban areas resulted in labor costs;
(2) the regional discrepancy in the material market resulted in the price of the material;
(3) the discrepancy in information transparency between constructors and owners re-

sulted in expense claims;
(4) the discrepancy in the technical level of engineers resulted in different estimated data;
(5) the discrepancy in statistical methods resulted in different performance data.

5.2. Impacts of Digitalization Improvement on EPC Project’s Time Performance

In terms of time, the effects of labor and sub-constructors on the process were included
in the salary or payment factors of cost performance, and this research focused on the final
delivery time and the setting delivery time to reveal the variation in time. Three indicators
are introduced this section: (1) the Time Execution Ratio (ter); (2) the Potential Speed Up
Index (psui); (3) the Actual Speed Up Index (asui).

As mentioned previously, the realized time benefits resulting from the adoption of
new-generation digital technology can be measured by a comparison of the potential time
saving predicted during the design stage and the actual time saved during construction
compared to the contract sum. The former is measured by the psui and the latter is
measured by the asui. The ratio of asui to psui is a measure of how well the use of
digital technologies enhances the time performance; therefore, the Time Execution Ratio is
defined as:

Time Execution Ratio (ter) = ATS/PTS × 100% (8)
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In order to determine the potential cost saving more directly, the potential saving
index can be calculated using Equation (9) and is displayed in Figure 2 (psui).

Potential speed up index (psui) = PTS × 100 (9)

In order to determine the potential cost saving more directly, the actual saving index
can be calculated using Equation (10) and is displayed in Figure 2 (asui).

Actual speed up index (asui) = ATS × 100 (10)

The ter, psui, and asui of the sampled projects are shown in Figure 3.

Figure 3. Time performance.

Distribution of Time Performance

It is shown in Figure 3 that only one case’s real time improvement (asui = 3) surpassed
the expected time improvement (psui = 2.638), while three cases (psui = 4.63; 4.75; 16.)
showed no changes between the total actual construction period and contract setting period
(asi = 0), and one case declined, with asui = −34.57 against psui = 6. The average Time
Execution Ratio was 59.74%, and the median was 57.18%, which was slightly right-skewed
(with the exclusion of the highest score and the lowest score), as shown in Figure 4.
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Figure 4. Normal distribution of time (23 samples).

6. Conclusions
6.1. The Novelty and the Advantages of This Research

This research investigated the gap between the potential impacts of BIM-oriented digi-
talization improvement and its actual impacts in 33 EPC projects through on-site inspection,
documentation collection, and a questionnaire survey. For a better understanding of the
gap in the impact from design practices during the design phase to the real consequences
during the completion stage, the “Cost Achievement Ratio” and “Time Execution Ratio”
were introduced to estimate these gaps (see Sections 5.1 and 5.2). For further analysis, four
performance indexes, the (1) Potential Cost Saving Index, (2) Actual Cost Saving Index,
(3) Potential Speed Up Index, and (4) Actual Speed Up Index, were introduced with a
suggested scale factor.

Our investigated EPC project data cover representative cities from two-thirds of
Chinese territory (advantage on distinct scope), collect 16 categories or combinations of
building type (advantage on building scope), and most projects were implemented with
the China State Construction Engineering Corporation (advantage of technological-level
consistency and BIM strategy similarity). In order to acquire comprehensive data, four
processing on-site projects were visited to improve the data accuracy.

6.2. Short Summary of Research

It was found that (1) BIM-oriented digital technology utilization on an EPC project
will bring a significant improvement in cost performance and time performance (see
Tables 9 and 10); (2) the results of the predicted improvement during the design stage are
probably more optimistic than the results for real projects (see Tables 9 and 10); (3) the test
results for time performance and cost performance show that digital technology utilization
has more advantages when compromising the project period compared to the reduction
on a budget (see Figures 1 and 3); (4) the analysis of the normal distribution on cost
performance and time performance indicates that the prediction of the construction period
has higher accuracy (Time Execution Ratio vs. Cost Achievement Ratio) than the estimation
of project costs (see Figures 2 and 4).
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6.3. The Current BIM-Based Digitalization Level of On-Site Projects and Suggestions

In May 2011, the UK government published a futuristic building strategy aimed at
reducing the cost of public sector assets. This futuristic building strategy requires building
suppliers to apply for government tenders to be considered for BIM Level 2, which also
promotes the phased roll-out of BIM Level 3 across all central procurement projects by 2016.
BIM Level 2 contains 3D CAD, 2D drafting, and a common data environment strategy
that should be launched at BIM Level 1, and the advanced methodology (named the BIM
Execution Plan) of collaborative working and streamlined information exchange. Excluding
the requirements of BIM Level 2, the BIM Level 3 concept promotes a simultaneous model
that operates for all participants to reduce the cost of conflicting information, which means
that BIM is a single, open, standard data server integration tool rather than a typical
working platform [47–49].

Similar to the UK government, the Chinese government’s construction mandates are in
favor of the BIM concept, promoting the adoption of BIM in real practices and pushing BIM
towards to higher levels [50]. According to the analysis of the project documentation, most
EPC project participants occupied an early stage of improving the existing Level 2 model
with 3D BIM utilization (see Table 11); only a few of them realized their shortsightedness
regarding BIM’s integration with other new technologies and systems, and there was no
evidence that any participants implemented the BIM concept at the level of developing
fresh business models. With the explanation in the roadmap of BIM levels, most of
the current construction project participants should adopt BIM in integration with more
digital technologies (e.g., artificial intelligence, block-chain) and more advanced methods
(e.g., digital twin, construction engineering management) instead of utilizing BIM as a
drawing technique.

6.4. Limitations and Recommendations

The results of this research were conducted with an on-site case-based dataset pro-
vided by digitalization-adopting project participants. Further research should collect more
samples from project participants who hold negative or neutral attitudes toward digitaliza-
tion or using the latest digital technology. Meanwhile, the type of building factor should
be excluded from the primary variables, and some new factors (e.g., region, market price
index) need to be considered in the future.

The results of this research are biased due to the limitations. Nonetheless, there are
several proven benefits of BIM-based digitalization improvement reflected in this research,
which can be compared with other, similar types of solutions, including different statistical
methods introduced by other researchers. The various outcomes of performance could
not completely elucidate the causal link between digitalization improvement and cost and
project period, yet it should aid in promoting the development of further research.
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