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Preface

The 5th International Conference on Advances in Civil and Ecological Engineering
Research (ACEER 2023) is held in a hybrid offline mode in Macau, China, and online
via Microsoft Teams from July 4–7, 2023. It aims to provide a platform for scientists,
researchers, scholars, and engineers worldwide to present their latest research results
and development activities in Civil, Environmental, and Ecological Engineering. The
conference will also provide an opportunity for the participants to exchange new ideas
and application experiences face-to-face, establish business or research relations, and
find global partners for future collaboration.

With the success of the past four ACEER conferences, 80 submissions have been
received and 33 of them have been accepted after an intense and strict peer review. The
acceptance is about 41%.

On behalf of the ACEER 2023 organizing committee, we sincerely thank all the
keynote and invited speakers, authors, and listeners who have participated in this event.
Meanwhile, thanks to the international reviewers and the members of the program com-
mittee who have taken their valuable time to review the manuscripts and give comments
and suggestions, which help authors improve the quality of the manuscripts.

Chih-Huang Weng
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Research on the Application of EPC in China’s
Prefabricated Building Market: A Case Study

of Shenzhen
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Abstract. The EPC has experienced rapid development in China over the past
10 years, having completed several experimental projects and entered the promo-
tion phase. Notably, the development of EPC in Shenzhen has been particularly
outstanding. This study has compiled and analyzed the overall situation of pro-
moting EPC engineering general contracting in Shenzhen’s prefabricated building
industry. A total of 85 prefabricated building projects involving the largest pre-
fabricated construction company in Shenzhen were selected, and their construc-
tion area, prefabrication rate, and other indicators were analyzed. For one thing,
a comparison was made with the overall distribution of prefabricated building
projects in Shenzhen. For another thing, a comparison was made based on the
time and regional distribution. Furthermore, rational thinking was applied to ana-
lyze the development of Shenzhen’s prefabricated building market, and reference
suggestions were provided for the industry’s development through discussion.

Keywords: EPC · Prefabricated Building · Shenzhen · Construction Industry

1 Introduction

EPC stands for “Engineering, Procurement, and Construction,” which refers to a project
delivery method in which a single contractor or team is responsible for the entire project
life cycle, from design and procurement to construction and commissioning [1]. In the
early 21st century, China set clear goals, tasks, and measures to the modernization of
the housing industry. Facing the continuous expansion of the construction industry’s
industrial scale, people’s higher demands for building quality, energy conservation, and
environmental protection, and the objective fact that the demographic dividend was
gradually fading, the construction industry must transform and upgrade. In 2016, the
Central Committee of the Communist Party of China and the State Council of the Peo-
ple’s Republic of China issued several opinions on further strengthening urban planning
and construction management, proposing for the first time the explicit requirement to
“develop new construction methods, vigorously promote prefabricated buildings, and

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024
C.-H. Weng (Ed.): ACEER 2023, LNCE 336, pp. 3–13, 2024.
https://doi.org/10.1007/978-981-99-5716-3_1
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strive to make prefabricated buildings account for 30% of new construction within
about 10 years”. According to information released by the Ministry of Industry and
Information Technology of the People’s Republic of China and the China Prefabricated
Building and Construction Industry Association, the scale of the Chinese EPC prefabri-
cated building market was estimated to reach around 2.4 trillion RMB yuan by the end
of 2021, with a year-on-year growth rate of approximately 40%, higher than that of the
entire construction market [2].

Shenzhen has become one of the largest EPC markets in China and has taken a
proactive approach to promote EPC development. The city has released several policy
documents, including the “Guiding Rules for EPC Project Contracting and Tendering
(Trial Implementation)” and the “Notice on Further Standardizing EPC Project Con-
tracting Activities”, which have clarified the requirements, bidding conditions, pricing
models, and preparatory work for EPC project contracting [3]. Shenzhen has also explic-
itly promoted the use of the EPC general contracting construction model in government
investment projects for prefabricated building development in light of the “Special Plan
for theDevelopment ofPrefabricatedBuildings in Shenzhen (2018–2020)” [4, 5]. In addi-
tion, the “Notice on Implementing Relevant Work for Prefabricated Building Projects”
and the “Shenzhen Prefabricated Building Evaluation Rules” have included the EPC
management model as a scoring item, encouraging construction units with EPC man-
agement capabilities and experience, as well as large enterprises with full industry chain
capabilities in design, production, and construction, to independently or jointly develop
EPC business and play a leading role in demonstration projects [6–8]. As of 2022, Shen-
zhen accounted for over 20% of the national EPC market share, indicating its strong
leadership in the EPC industry in China [9].

2 Study Area and Data Sources

2.1 Study Area

The study area of this research is Shenzhen, a rapidly developing city located in the
Guangdong Province of China and the middle of the Guangdong-Hong Kong-Macau
Greater Bay Area (Fig. 1). With a population of over 13 million and a land area of
2,342 square kilometers, Shenzhen is one of the largest cities in China [10]. It has
made significant strides in developing prefabricated buildings and has become China’s
largestmarket for the EPC constructionmode. The city has implemented various policies
and regulations to promote the use of EPC in the construction industry, including the
“Guiding Rules for EPC Project Contracting and Tendering (Trial Implementation)”
and the “Notice on Further Standardizing EPC Project Contracting Activities” [11].
Therefore, this study will focus on the application of EPC mode in the prefabricated
building market in Shenzhen and analyze the key factors that have contributed to the
success of EPC in the city.
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Fig. 1. Study Area.

2.2 Data Sources

The data for this study were obtained from the reports published by the Housing and
Construction Bureau of Shenzhen and Company A, the largest state-owned enterprise
with the qualification of undertaking prefabricated building projects in Shenzhen. A
total of 85 recent projects were selected in chronological order for statistical analysis.
Important information, such as project name, location, construction area, maximum
unit building area, maximum single-beam span, maximum unit building height, the
maximum number of floors per unit, maximum size of beam components, whether the
project included prefabrication rate, whether it was a general contracting project, and its
start and completion time were collected. Part of the information is shown in Table 1.

3 Result

3.1 Overall Allocation of EPC Projects in Shenzhen

As of May 2022, a total of 447 prefabricated building projects were adopted in Shen-
zhen. Among them, as shown in Fig. 2, 98 projects utilized the full-process engineering
consultation or prefabricated building single-process consultation services, accounting
for 22%; 44 projects were managed under the EPC model, accounting for 9.8%.

Regarding investment, there were 38 government-funded projects, accounting for
86%, and 6 social investment projects, accounting for 14%.

Regarding project types, there were 29 residential building projects, accounting for
66%; 14 public building projects, accounting for 32%; and 1 factory project, accounting
for 2%.

Regarding venture types, therewere 33EPCprojects under joint ventures, accounting
for 75%, and 11 non-joint venture EPC projects, accounting for 25%.
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Table 1. Information of Prefabricated Building Projects.

Location Max
building
area per
unit (m2)

Max
span of
a single
beam
(m)

Max
height of
a single
building
(m)

Max
number
of floors
for a
single
building

Max size of
beam
components
(mm × mm)

Assembly
rate

EPC
(Yes/No)

Yunnan 3352.70 8.40 14.00 4 300*900 77.00%
√

Chongqing 4011.84 10.90 19.15 6 350*1200 51.11%
√

Guizhou 26536.42 9.00 32.10 6 400*850 45.13%
√

Guizhou 5000.00 6.00 5.30 1 250*700 — ×
Shenzhen 23191.62 10.20 78.30 23 2250*300 55.10% ×
Guizhou 23864.60 10.00 33.00 8 800*890 30.00%

√

Chongqing 24623.22 3.60 98.60 34 200*600 — ×
Guangdong 66897.79 116.00 146.30 32 500*800 45.60%

√

Guizhou 10865.34 8.40 78.35 26 500*1200 — ×
Guangdong 12850.00 11.60 78.40 25 400*1700 60.60%

√

Guangdong 4677.00 18.60 49.80 12 600*1500 56.00%
√

Shenzhen 11100.39 10.70 97.80 16 400*1100 45.76% ×
Beijing 2819.00 7.70 4.20 1 110*170 95.00%

√

Shenzhen 4250.11 17.00 23.95 6 900*1500 40.00% ×
Guizhou 58933.04 11.00 23.70 6 600*1300 70.60%

√

Guizhou 58933.04 11.00 23.70 6 600*1300 70.00%
√

Guizhou 8492.00 27.30 29.30 4 600*600 —
√

Shenzhen 4250.12 17.00 23.95 6 900*1500 40.00% ×
Chongqing 46383.66 10.40 82.10 19 300*2600 20.00% ×
Guizhou 28116.06 9.60 35.00 6 450*900 60.00%

√

Beijing 3276.24 6.10 13.50 3 450*200 92.00%
√

Chongqing 28341.00 24.00 39.80 9 380*620 70.00%
√

Chongqing 14278.83 8.10 23.80 8 600*800 50.00% ×
Chongqing 14278.83 8.10 23.80 8 600*800 50.00%

√

Chongqing 17020.28 8.00 49.00 13 300*800 76.30%
√

Chongqing 28341.00 24.00 39.80 9 380*620 70.00%
√

Shenzhen 9388.68 9.00 10.02 2 800*300 — ×
Shenzhen 13476.00 6.60 97.90 32 300*800 —

√

Shenzhen 48415.00 48.80 37.20 8 1200*1500 56.40% ×
(continued)
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Table 1. (continued)

Location Max
building
area per
unit (m2)

Max
span of
a single
beam
(m)

Max
height of
a single
building
(m)

Max
number
of floors
for a
single
building

Max size of
beam
components
(mm × mm)

Assembly
rate

EPC
(Yes/No)

Shenzhen 6687.92 8.55 12.00 3 400*200 — ×
Shenzhen 65100.00 8.40 91.05 25 400*770 67.90%

√

Guangdong 13677.00 26.30 30.75 4 800*1800 91.00% ×
Shenzhen 60000.00 13.00 196.50 42 700*2800 80.60%

√

Guizhou 58081.07 8.90 23.30 3 500*1300 68.30%
√

Guizhou 58081.07 8.90 23.30 3 500*1300 52.50%
√

Guizhou 59309.44 7.15 16.95 4 400*430 82.00%
√

Guangdong 14196.01 8.00 95.55 31 500*1200 30.00%
√

Guizhou 20698.00 8.90 19.20 4 350*850 61.30%
√

Guizhou 7740.59 7.90 88.50 27 1200*1800 — ×
Guizhou 58081.07 9.00 23.30 7 500*600 77.80%

√

Guizhou 21363.37 8.40 42.75 10 500*900 77.00% ×
Guizhou 59309.44 7.15 16.95 4 400*430 82.00%

√

Shenzhen 30000.00 10.80 11.00 21 300*1150 —
√

Shenzhen 2400.00 5.37 14.50 3 0.3*0.66 —
√

Shenzhen 15730.35 7.00 96.00 32 200*700 — ×
Shenzhen 19266.59 8.00 76.75 25 300*1760 70.00%

√

Heibei 18569.00 17.80 16.80 3 650*900 70.00%
√

Shenzhen 77835.42 12.00 134.60 40 2300*2000 56.67%
√

Sichuan 16020.23 10.20 20.80 4 400*2250 30.00% ×
Guizhou 20808.60 8.30 87.23 26 200*2800 — ×
Shenzhen 40381.47 21.10 49.95 14 700*1000 77.62%

√

Shenzhen 38228.53 27.00 38.95 6 700*1500 30.00% ×
Shenzhen 78000.00 29.00 152.10 34 600*1400 82.22%

√

Shenzhen 88953.96 17.60 196.90 43 700*1500 74.50%
√

Sichuan 23080.00 7.20 62.80 16 200*2200 70.00%
√

Guangdong 45651.00 24.00 40.70 12 400*800 90.00%
√

Shenzhen 44349.93 10.40 141.60 46 1000*2000 62.81%
√

Shenzhen 15669.24 7.00 96.15 32 300*700 —
√

(continued)
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Table 1. (continued)

Location Max
building
area per
unit (m2)

Max
span of
a single
beam
(m)

Max
height of
a single
building
(m)

Max
number
of floors
for a
single
building

Max size of
beam
components
(mm × mm)

Assembly
rate

EPC
(Yes/No)

Shenzhen 38758.99 13.00 82.80 13 700*1800 76.60%
√

Shenzhen 114169.50 19.60 147.90 40 1000*600 76.50%
√

Shenzhen 38753.52 11.90 82.80 13 550*2350 75.70%
√

Shenzhen 99163.03 12.00 97.20 22 450*3300 75.10%
√

Guanxing 25095.64 11.00 85.70 27 300*2000 20.00%
√

Shenzhen 21740.30 19.75 64.20 16 600*1400 66.40%
√

Guangdong 44844.24 10.20 149.90 52 600*1200 76.48%
√

Shenzhen 12430.63 23.00 48.00 11 600*1600 — ×
Gansu 30074.83 8.45 97.43 33 8450*400 —

√

Guangdong 498.72 13.60 75.20 25 300*1600 53.10%
√

Shenzhen 35050.00 19.80 23.70 6 600*1400 —
√

Sichuan 8028.92 9.10 78.15 24 650*1200 30.00% ×
Sichuan 8028.92 8.20 78.15 24 600*1200 — ×
Sichuan 24902.67 8.50 78.15 24 400*2500 30.00% ×
Shenzhen 25601.00 40.00 59.95 15 800*1500 62.80%

√

Sichuan 28803.52 9.00 54.00 18 300*2300 50.40% ×
Shenzhen 12945.79 9.00 24.40 7 350*1200 69.00%

√

Shenzhen 39143.00 9.00 42.00 11 450*1250 76.80%
√

Hainan 8063.73 10.79 36.80 12 550*900 51.00%
√

Sichuan 12785.00 8.20 27.90 6 7220*300 62.00%
√

Chongqing 1676.00 7.95 22.50 4 600*1000 — ×
Sichuan 8862.00 8.20 33.00 11 400*1300 20.00% ×
Sichuan 8517.64 16.20 33.00 11 600*1800 20.00% ×
Sichuan 9305.00 7.80 15.15 3 450*1800 68.53% ×
Sichuan 11204.98 6.10 75.55 25 400*2350 30.00%

√

Sichuan 28803.52 9.00 54.00 18 300*2300 50.40% ×
Sichuan 24737.45 9.76 23.95 5 350*700 — ×
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Fig. 2. The Proportion of Various Types of Projects.

Although Shenzhen is at the forefront of the prefabricated building industry in China,
the adoption rate of EPC mode is still relatively low, representing 1/10 of the total.
Most of the 102 EPC projects were government-funded projects and joint venture EPC
projects, particularly talent housing, school, and emergency engineering construction
projects. For instance, Shenzhen Talent Housing Group invited bids for 59 projects.
In addition, modular kindergartens, primary schools, and middle schools in various
districts of Shenzhen were also constructed under the EPC mode. Since the outbreak
of COVID-19 in 2020, the construction of the Third People’s Hospital of Shenzhen
(Emergency Hospital), the supporting constructions of Beijing University Hospital on
Beidaihe Island, and the Hong Kong Infection Control Centre all adopted the EPC
mode, which significantly shortened the construction period and met social demand
more efficiently [12].

3.2 EPC Projects Participated by Company A

Among the85prefabricatedprojects sampled inCompanyA, as shown inTable 2, 55EPC
projects accounted for 64.7% of the total. The projects were mainly located in southern
provinces ofChina, including 31 projects in Shenzhen, accounting for 36.5%and ranking
first, besides, there were 17 projects in Guizhou, 13 in Sichuan, 9 in Chongqing, and 8 in
other areas of Guangdong province, as well as 1–2 projects in Beijing, Hebei, Hainan,
and other regions. Comparing the proportion of EPC projects in different regions shows
that the proportion in Shenzhen is similar to the overall sample average, at 67.7%, while
Sichuan has the lowest proportion of EPC projects, at only 23.1%.
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Table 2. Geographical Location Distribution of the 85 Prefabricated Projects.

Location Shenzhen Guizhou Sichuan Chongqing Guangdong Beijing

Projects 31 17 13 9 8 2

EPC Projects 21 12 3 5 7 1

EPC Rate 67.7% 70.1% 23.1% 55% 87.5% 50%

Location Beijing Yunnan Guangxi Gansu Heibei Hainan

Projects 2 1 1 1 1 1

EPC Projects 1 1 1 1 1 1

EPC Rate 50% 100% 100% 100% 100% 100%

In addition, it is shown in Table 3 that the assembly rate of the projects ranged from
20% to 92%, with an average of 59.8%. The project with the highest assembly rate was
a residential project in Beijing Yizhuang, and the assembly rate of residential projects
was generally higher than that of public buildings. The average building area per unit
was approximately 28,000 square meters, and the average number of floors was 15.75,
indicating that residential and commercial office buildings are still the major markets
for prefabricated construction. In addition, medical and educational projects such as the
constructions and supporting constructions of Guizhou Provincial People’s Hospital and
Guizhou Provincial Maternal and Child Health Hospital, as well as the expansion and
renovation project of Shenzhen Yaohua Experimental School, accounted for 1/3 of the
projects, highlighting the flexibility of the entire management cycle.

Table 3. Prefabricated building quantity distribution.

Maximum
building area
per unit (m2)

Maximum
span of a
single beam
(m)

Maximum
height of a
single building
unit (m)

Maximum
number of
floors for a
single building
unit

Assembly rate

Average 28296.72528 13.75907059 57.88505882 15.75294118 59.9%

Maximum 114169.5 116 196.9 52 92%

Minimum 498.72 3.6 4.2 1 20%

By comparing the start time and termination time of these projects (Table 4), the
study finds that the proportion of EPC projects has gradually increased in recent years.
In 2017, EPC projects accounted for only 37.5% of the total (Fig. 3), while in 2022, this
proportion increased to 79.4%. This trend indicates that the EPC model is becoming
more and more popular in the market.



Research on the Application of EPC 11

Table 4. Timeline of the Sample Projects.

Year The number of
new projects

The number of
finished projects

The total
number of
projects

The number of
EPC projects

Rate

2017 8 0 8 3 37.50%

2018 14 5 17 7 41.18%

2019 16 12 21 9 42.86%

2020 18 9 30 18 60.00%

2021 17 9 38 26 68.42%

2022 15 19 34 27 79.41%

Fig. 3. Year-to-year Comparison of Item Categories from 2017–2022.

4 Conclusion

This study provides valuable insights into the application of EPC in China’s prefabri-
cated building market, with a focus on Shenzhen. The research finds that the EPC mode
has been widely promoted in Shenzhen and has contributed significantly to the develop-
ment of the prefabricated building industry. It means that EPC contracting has become
an increasingly popular model in the prefabricated building market in Shenzhen. Out
of the 85 projects analyzed, 60 were implemented using the EPC model, accounting
for 70.6% of the total. This shows that the EPC model has been widely accepted and
applied in the market. And the average assembly rate of prefabricated components was
66.1%, which was higher than the average assembly rate of prefabricated components in
China’s prefabricated building market. This shows that the EPC model has the potential
to improve the efficiency of the construction process and the quality of the building.

In summary, the data analysis results of the study show that the EPC model has
great potential and advantages in the prefabricated building market in Shenzhen, and its
application has been widely accepted and promoted. However, there are also challenges
and potential risks that need to be addressed to ensure the sustainable development of
the EPC model in the market [13].
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5 Discussion

In terms of proportion, Company A has participated in 31 EPC projects in Shenzhen,
accounting for 70% of the total. However, not all regions in China have such large enter-
prises engaged in the prefabricated building industry like Shenzhen, which has matured
in its development. This situation has resulted in a lack of attention to EPC general
contracting in many other cities’ engineering construction units. The lack of confidence
in the ability of general contracting units and dependence on traditional interest chains
by construction units has made them unwilling to adopt the design-construction inte-
gration and decoration-mechanical-electrical integration bidding mode actively [14].
Consequently, most prefabricated building projects still use the management model of
owner contracting or segmented cutting, where all parties still need to have the goal
of the overall interests of the project in mind. However, design products are challeng-
ing to manufactures to assemble on a large scale with high efficiency. Multiple links
and specialties, such as design, production, construction, and operation, are difficult to
coordinate effectively as well, not only putting forward challenges to fully leverage the
advantages of prefabricated construction, but also going against the cost-effectiveness
principle. In a word, this does not suit industrial production methods.

Apart from cultivating comprehensive enterprises, the Shenzhen government has
formulated many targeted policies to highlight the leading and overall coordinating abil-
ity of EPC units. Recently, Shenzhen has successively issued policy documents that
clearly state that construction units can relax the qualification management when set-
ting bidding conditions and implement capability recognition and return to qualification
management during project implementation phase. According to the different composi-
tions of EPC units, the prefabricated building engineering general contracting market in
Shenzhen has been subdivided into four categories: enterpriseswith a complete industrial
chain, independent EPC; EPC consortium led by construction units; EPC consortium
led by construction units; and EPC consortium led by design units [15]. Currently, the
EPC consortium led by construction units is the most prevalent market in Shenzhen.
Its advantages lie in the fact that construction units have long been deeply involved in
the construction field, with strong labor control, procurement, and resource integration
capabilities [16]. They can provide preliminary construction requirements such as pre-
construction methodology, scheme selection, and construction measures to the design
institutions, which contribute to promote the integration of design and construction.
Ultimately, all of these analyses have put forward significant implications for China’s
EPC market development.
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Abstract. The relevance and necessity of identifying safety factors for the use and
formation of intelligent economic systems of construction companies is proven.
The purpose of the study is to form a quantitative basis for the development and
use of intelligent economic systems of construction companies, considering the
influence of safety factors. As a result of studying the condition and development
trends of the construction sector, it was determined that the construction sector is
essential branch of the state’s economy, which affects its development and ensures
the functioning of other spheres of activity. It reflects trends and is an indicator of
the evolution of the state’s economy. The construction sector reacts more inertly
to the changes taking place in the state, both in terms of development and the
accumulation of negative phenomena. This especially applies to the development
and implementation of intelligent economic systems. Proposed security factors for
the use and formation of the intelligent economic system of building companies,
the evaluation of which is based on the application of qualitative methods used
for construction enterprises and regions. The presented indicators are determined
by the level of national security, directions of use and formation of financial,
economic and information security, features of stakeholder relations of construc-
tion enterprises. Safety indicators make it possible to build a quantitative basis for
assessing the level of formation and use of an intelligent economic system formak-
ing informed management decisions. It has been established that the formation of
information and analytical support for the implementation of security measures is
mediocre, which indicates the need to implement directions for increasing their
effectiveness.
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1 Introduction

The formation of a modern system of management of construction enterprises requires
a rethinking the approaches to the formation of directions for their development. Of
particular importance is the use of innovative tools based on the use and formation of
intelligent economic systems. An important element of the presented system is the safety
component, which includes relevant factors.

In order to make informed management decisions, it is necessary to form a quantita-
tive basis by evaluating the safety indicators of the use and formation of the intelligent
economic system of construction enterprises. Along with this, in the construction sec-
tor, significant attention is not paid to ensuring the safety parameters of construction
enterprises, an intelligent economic system has not been developed and is not applied.
This inhibits their development, reduces the efficiency of functioning. An intelligent
economic system has not been built at construction enterprises, which allows formation
of a quantitative basis for making effective decisions on managing all types of resources.
In the intellectual economic system, an important element is the security element, which
consists of informational, resource, financial, economic, and physical elements. Unfor-
tunately, only certain safety elements are used at construction enterprises, but a single
safety system for the development of business entities has not been built.

The purpose of the study is to form a quantitative basis for the development and use
of intelligent economic systems of construction enterprises, considering the influence
of safety factors. Achieving the set goal is achieved by solving the following tasks:

Identification of safety factors affecting the use and formation of intelligent economic
systems of construction enterprises.
Assessment of safety factors.
Determination of the integral safety indicator of the formation and use of intelligent
economic systems of construction enterprises.
Thus, the research topic is relevant, and its development is important.

2 Materials and Methods

The features of the functioning of the construction sector are defined:

non-stationarity, temporary nature, non-homogeneous buildingproduction and thenature
of the final product;
technological relationship of all operations included in the construction process;
instability of the ratio of construction and installation works in terms of their complexity
and types during the month, which complicates the calculation of the numerical and
vocational composition of workers;
participation of various organizations in the production of final building products;
role of climate and local conditions in construction works;
features of construction are due to a large variety of objects under construction [1].

It should be noted that during the studied period, undulating nature of changes in
indicators of construction products is observed: in 2011–2014, the index decreased, and
in 2015–2017, it increased. In subsequent years, the period of decline was replaced
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by periods of growth. As a result of the research, ambiguous trends regarding changes
in the index of building products for 2021 by region of Ukraine were determined. In
general, there was an increase in the index of construction products compared to last
year by 6.8% due to an increase in this indicator in the Ukrainian regions [2]. Similar
trends characterized changes in the index of construction products for residential and
non-residential buildings and engineering structures.

During the studied period, there was an increase in the volume of manufactured
construction products by their types, in addition to the construction of ports, canals, dams,
and other water structures. In 2021, the largest volume of manufactured construction
products was observed in the Odesa, Vinnytsia, Dnipropetrovsk, and Kharkiv regions.
Kirovohrad, Luhansk, Chernivtsi, Sumy, and Kherson regions were characterized by the
lowest specific weight of the presented indicator. The total area of residential buildings
at the start of construction in 2018–2021 generally decreased. This process took place
due to the reduction of the total area of single-apartment houses and houses with two or
more apartments. Only the total area of dormitories increased by 31% during the studied
period [2]. The total area of residential buildings at the start of construction in 2021 by
region was characterized by the largest values: Kyiv, Lviv, Dnipropetrovsk. The regions
with the lowest values were: Kirovohrad, Luhansk, and Donetsk. It should be noted that
the total area of non-residential buildings by types of construction products increased in
2018–2021. Only the total area of non-residential buildings decreased by 10% during
the studied period [2].

During the studied period, there is an increase in the total number apartments in
residential buildings at the beginning of construction by 2%, which occurred due to an
increase in apartments in buildingswith twoormore apartments. This process of reducing
the number of objects in single-apartment houses was slowed down. The largest number
of apartments in residential buildings at the start of construction by type in the regions of
Ukraine in 2021was observed in the regions: Kyiv, Odesa, Dnipropetrovsk, andKharkiv.
Along with this, the low level of this indicator was characterized by: Luhansk, Donetsk,
Kirovohrad regions [2].

Indices of capital investments by types of economic activity in 2021 indicate their
growth throughout Ukraine. This was due to their increase in: agriculture, forestry and
fisheries, industry, real estate transactions, activities in the field of administrative support
services, health care and social assistance, arts, sports, entertainment and recreation, and
other types of services. The reduction of the volume of capital investments during the
investigated period occurred in the following areas: information and telecommunica-
tions, financial and insurance activities, public administration and defense; mandatory
social insurance, education [2]. By region in the construction sector, there is a slow-
down in the number of active economic entities, which corresponds to the general trend
in Ukraine as a whole. In addition, it should be noted that the formation and func-
tioning of economic entities is carried out according to the directions of construction:
construction of buildings; organization of building construction; construction of resi-
dential and non-residential buildings; construction of buildings; construction of roads
and railways; construction of roads and highways; construction of railways and metro;
construction of bridges and tunnels; construction of communications; construction of
pipelines; construction of power supply and telecommunications facilities; construction
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of other buildings; construction of water structures; construction of other structures,
not classified in other groups; specialized construction works; demolition and prepara-
tory work at the construction site; exploratory drilling; electrical, plumbing and other
construction and assembly works; construction completion works; plastering works;
installation of carpentry; floor covering and wall cladding; painting and glazing; other
construction completion works; other specialized construction works; roofing works;
other specialized construction works, not classified in other groups.

As a result of the study, the increase in the turnover of personnel inUkraine as awhole
and in the construction sector, in particular, was determined. Moreover, this process took
place for all types of construction activities. This testifies to the growing attention to the
provision of working capital and the possibilities of its implementation in the production
process. In addition, there are changes in focusing attention on the provision of working
capital as an important element of the development of construction enterprises.

The dynamics of added value by production costs by types of construction activity
is characterized by its growth both in Ukraine as a whole and in construction during
the studied period. This was facilitated by the increase of this indicator by types of
construction activity.

The dynamics of capital investments during the studied period in Ukraine as a whole
was characterized by growth.A similar trendwas observed by types of construction activ-
ity. Moreover, capital investments in tangible assets increased, along with the reduction
of this indicator in intangible assets. In the largest part of types of construction activities,
capital investments grew during the studied period. However, this process was hampered
in the following areas: organization of construction of buildings; construction of rail-
ways and metro; construction of other buildings; demolition and preparatory work at the
construction site.

Average number of employees in the equivalent of full employment, the number
of hours worked by employees during the studied period decreased in Ukraine as a
whole and in construction in particular. This was facilitated by a decrease in the pre-
sented indicators by types of construction activity: building; construction of residential
and non-residential buildings; construction of structures; construction of bridges and
tunnels; construction of other structures; construction of water facilities; construction
of other structures not classified in other groups; specialized construction works; dis-
mantling and preparatory work at the construction site; exploration drilling; electrical
installation, plumbing and other construction and installation works; electric installation
work; installation of water supply networks, heating and air conditioning systems; plas-
tering works; installation of joinery; flooring and wall cladding; painting and glazing;
other specialized construction works; roofing.

During the researched period, there is an increase in incomes performed under con-
tract conditions for most types of construction activities. Only the construction of rail-
ways and the metro and exploratory drilling are characterized by a decrease in income.
The presented trend shows the growth of income and opportunities of construction enter-
prises. Along with this, the processes are affected by factors related to the increase in
prices, in particular, for construction materials, wage levels, inflationary processes that
affect the formation of income from construction works.
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The dynamics of profit before taxation shows the growth of its value over the studied
period by regions in Ukraine as a whole and in construction in particular. This indicates
an increase in the level of effectiveness of activities, including by types of construction
activities. It should be noted that according to the presented indicators, there is a decrease
in the level of information and analytical support, which negatively affects the ability to
make informed management decisions and build an intelligent geospatial economy at
construction enterprises.

The dynamics of non-current assets in Ukraine as a whole and in the construction
sector in particular shows growth [2]. This indicates the strengthening of the production
and economic potential and the increase of opportunities for the performance of produc-
tion tasks. Along with this, for some types of construction activities and especially for
medium and small enterprises, there is a decrease in the volume of non-current assets.
This indicates a decrease in attention to the growth of the production and economic
potential of the represented business entities and the increase in the level of monopo-
lization of construction activities. It should be pointed out the decrease in information
and analytical support regarding the dynamics of non-current assets, which affects the
level of effectiveness of making informed management decisions.

It should be noted the growth of current assets in most types of construction activ-
ities. This testifies to the growing possibilities of construction enterprises to use the
most mobile funds. However, a similar trend has been identified as with previous assets
regarding the reduction of information and analytical support.

The dynamics of own capital during the investigated period indicates a reduction
in its volume due to construction and outflow. This affects the financial stability of
construction enterprises. Special attention is focused on the reduction of information
and analytical support in the system of use and formation of own capital.

During the studied period, there is a reduction in the volume of long-term obligations
and guarantees in construction, which does not correspond to the general trends in
Ukraine [2]. This indicates an effort to reduce debt by types of construction activities,
unsatisfactory conditions for long-term lending, a decrease in the ability of customers,
instability of socio-economic conditions.

Along with this, there is an increase in current liabilities and collateral, which indi-
cates an increase in opportunities for attracting short-term borrowed funds, as well as a
slowdown in the processes of forming the financial stability of building enterprises.

It should be noted a decrease in the amount of liabilities for non-current assets and
disposal groups and the net value of assets of a non-state pension fund by types of
construction activities. In addition, it is necessary to note the low level of information
and analytical support for these obligations, especially for specific types of construction
activities.

In general, Ukraine and regions have the largest share of enterprises with positive
financial results. The specific weight of a positive result for enterprises varies from 50%
to 100%. This testifies to the effectiveness of business entities.

The practice of applying intelligent economic systems at construction enterprises is
carried out along the lines of introducing artificial intelligence as an integral part of the
fourth industrial revolution “Industry 4.0” [3].
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The international experience of the development of artificial intelligence is deter-
mined by the creation of new platforms. The World Economic Forum has launched The
Global AI Action Alliance, a new multi-stakeholder collaboration platform and project
incubator designed to accelerate the adoption of inclusive, trusted and transparent arti-
ficial intelligence, bringing together more than 100 leading companies, governments,
international organizations, non-profit organizations and scientists [4].

Identified artificial intelligence technologies used in the personnel management sys-
tem: Resume Matcher (SAP); Skillaz; TalentTech Sever.AI; Hurma System; Veriato
360; Workday; Yva.ai 3.0 – Visier Announces Asset Acquisition; Isaak Status Today
by Glickon; Cornerstone + EdCast; Degreed; Filtered Content Intelligence; WalkMe
ActionBot; AIOps.

The presented artificial intelligence technologies are used to organize the recruitment
of personnel, control their movement, provide training, form appropriate management
decisions, and automate the processes of using labor resources.

The introduction and development of artificial intelligence in economic processes is
connected with the development of the “Industry 4.0” system, which uses the Internet
of Things (IoT), big data (BigData) and cyber-physical systems.

According to experts, the prospects for the development of artificial intelligence in
Ukraine are important, but to a greater extent they are related to the areas of: autonomous
control; biotechnology; face recognition; internet of things; trade; robotic systems.

As a result of studying, the methods and models of using artificial intelligence were
determined: methods of finding solutions in the space of states; bidirectional search
method; methods of uninformed or “blind” search (full search); methods of complete
search; finding a solution when reducing tasks to subtasks; heuristic search methods;
knowledge presentationmodels in artificial intelligence systems; proofmethods;method
of resolution in numerous predicates;models of fuzzy logic; productionmodels of knowl-
edge presentation; scenario approach; formation of expert systems; formation of neural
networks.

At construction enterprises, separate elements of spatial support are used, but the
directions and features of the application of geoinformation systems and technologies
are insufficiently defined.

To ensure the safety of the development and use of an intelligent economic sys-
tem at construction enterprises, information systems of the first generation are formed
based on the formation of data and the construction of a mathematical model for a
separate economic task. Second generation information systems are aimed at informa-
tion management. Information systems of the third generation are defined by decision
support.

Identified information economic systems and their application in international
practices:

SCAN (large projects implemented in developing countries. Developed according to
directions proposed by the UN);
BUSINESS (international trade, contracts, technology development and implementa-
tion, licensing activities);
HURFAX (market research, formation of results in the form of relevant documents);
PASCAL, SGBD (economic, financial and banking sector of France);
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COMEXT (trade area of the European Union);
CISI (formation of databases to ensure the development of the spheres of economic
activity of the European Union);
BRIL (scientific research activity);
WATS (assessment and analysis of directions and features of the economic activity of
the American company);
PUNS (evaluation and management of activities of international companies);
ICOF, JORDAN, IML (evaluation and analysis of the activities of British companies);
BODAS, ESSOR, DETOFEL (commercial sphere, management system, distribution of
property, formation and use of capital, use of personnel of French companies) [3].

A wide range of application of economic information systems has been established,
but they solve only certain issues of the functioning of enterprises. There are no com-
prehensive economic systems for managing all types of resources, automation of the
processes of their use and formation, taking into account the modern tools of artificial
intelligence, spatial aspects of the activities of business entities, which is especially
relevant in the construction sector. Therefore, the development of the intellectual eco-
nomic system of construction enterprises proposed by the author will solve the actual
issues aimed at the development of construction enterprises, usingmodern informational,
analytical, economic, geospatial, security tools and tools of artificial intelligence.

There are no unified approaches to the definition of the intellectual economic system
of construction enterprises in the existing scientific developments. It should be noted
that the formation and use of the intelligent economic system of construction enterprises
is influenced by relations with stakeholders [5–12].

Dovbysh, V. Tron, R. Kvasny, and L. Chernyak, N. Nylson, A. Horelyk, D. Goldberg
focus on the functional directions for the formation and use of the intellectual economic
system of enterprises [13–17].

The modern toolkit used for the formation and use of the intellectual economic
system of building enterprises is presented in the works [18–21].

Thus, a theoretical basis and a platform for defining the intelligent economic system
of construction enterprises have been formed, where the main attention is focused on
the formation of a set of economic, informational, geospatial, and security components
that allow building directions for making management decisions in the context of the
development of construction enterprises.

To develop and implement sound management decisions regarding the formation
and use of intelligent economic systems of construction enterprises, the selection and
evaluation of safety factors is carried out. As a result of the study, the necessity of
characterizing financial and economic security was determined. P. Nikiforov, V. Stolbov,
T. Davidyuk point to the importance of financial and economic security [22–24].

In addition, in the context of the assessment of security indicators, the level of
information security of construction enterprises is determined using themethod of expert
assessments:

Because of the study, the factors of the level of information securitywere determined,
which are characterized by:

Principles of ensuring information security.
Interests reflected in the information sphere.
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Real and potential threats to information security.
Priorities of state policy in the field of information security.
Stakeholders to ensure information security.
Coordination and control over the activities of stakeholders that ensure information
security.
Level of personal data protection.
The level of ensuring information protection in information, electronic communication
and information and communication systems.
Organizational areas of ensuring information protection.
The level of interaction of stakeholders with the information protection service;
Level of information society formation. An important indicator in the system of safety
indicators is the level of safety of interaction between stakeholders of construction
enterprises:
Customers of construction products;
Contractors;
Social organizations;
Suppliers of goods and material values;
Project organizations;
Internal and external audit organizations;
Public organizations;
Workers of construction enterprises;
Owners;
Top management;
Managers of different levels.

The presented factor is determined on the basis of expert assessments for each con-
struction enterprise. So, summarizing the above, the safety indicators of construction
enterprises are highlighted (Table 1).

Table 1. Safety factors of the formation and use of the intellectual economic system of
construction enterprises.

Indicators Evaluation methods Object of
assessmentQuantitative

assessment methods
Qualitative evaluation
methods

The level of national security

formation and
implementation of the
principles of ensuring
national security

− + Regions

interaction of
interested parties in the
field of national
security

− + Regions

(continued)
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Table 1. (continued)

Indicators Evaluation methods Object of
assessmentQuantitative

assessment methods
Qualitative evaluation
methods

The level of financial and economic security of construction enterprises

ensuring interaction
between interested
parties in the field of
financial and economic
security

− + Construction
enterprises

The level of
implementation of
measures for the
formation and
application of financial
and economic security

− + Construction
enterprises

prevention of threats
and risks based on
financial and economic
security

− + Construction
enterprises

The level of formation of information security of construction enterprises

implementation of
information security
principles

− + Construction
enterprises

ensuring the interests
of construction
enterprises in the field
of information security

− + Construction
enterprises

identification of real
and potential threats to
the information
security of construction
enterprises

− + Construction
enterprises

ensuring the priorities
of state policy in the
field of information
security

− + Construction
enterprises

interaction of
interested parties in the
field of ensuring
information security

− + Construction
enterprises

(continued)
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Table 1. (continued)

Indicators Evaluation methods Object of
assessmentQuantitative

assessment methods
Qualitative evaluation
methods

protection of personal
data

− + Construction
enterprises

ensuring the protection
of information in
information, electronic
communication and
information and
communication
systems of construction
enterprises

− + Construction
enterprises

formation and
implementation of
organizational
measures to ensure
information security of
construction
enterprises

− + Construction
enterprises

functioning of the
information protection
service of construction
enterprises

− + Construction
enterprises

information society
formation

− + Regions

ensuring the interaction of stakeholders of construction enterprises

Customers of
construction products

− + Construction
enterprises

Contractors − + Construction
enterprises

Social organizations − + Construction
enterprises

Suppliers of
commodity values

− + Construction
enterprises

Project organizations − + Construction
enterprises

Internal and external
audit organizations

− + Construction
enterprises

(continued)
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Table 1. (continued)

Indicators Evaluation methods Object of
assessmentQuantitative

assessment methods
Qualitative evaluation
methods

NGOs − + Construction
enterprises

Workers of
construction
enterprises

− + Construction
enterprises

Owners of construction
enterprises

− + Construction
enterprises

Top management − + Construction
enterprises

Managers of different
levels

− + Construction
enterprises

The determination of the safety factors of the construction enterprise with regard
to the formation and use of the intellectual economic system is carried out through the
prism of local indicators.

At the intermediate level, directions for the formation and implementationoffinancial
and economic security at the construction enterprise are carried out in relation to:

Ensuring interaction between interested parties in the field of financial and economic
security.
Implementation of measures for the formation and application of financial and economic
security.
Prevention of threats and risks based on financial and economic security (Tables 2 and
3).

Table 2. Expert survey results of builders’ experts on the level of financial and economic security
of construction enterprises, resp. Unit

Indicators K311 K312 K313

Experts

E1 6 5 6

E2 6 6 5

E3 6 5 5

E4 6 7 6

(continued)
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Table 2. (continued)

Indicators K311 K312 K313

E5 5 6 5

E6 6 5 5

E7 5 7 5

E8 6 5 6

E9 6 5 5

E10 5 7 5

E11 6 6 5

E12 5 6 6

Wed arithmetic 5,667 5,833 5,333

Wed geom 5,646 5,78 5,313

Table 3. The results of the statistical processing of the results of the expert survey, taking into
account theweighting coefficients of expert builders of the level of financial and economic security
of construction enterprises, resp. Unit

Indicators K311 K312 K313

Experts

E1 0,855 0,713 0,855

E2 0,805 0,805 0,671

E3 0,761 0,634 0,634

E4 0,694 0,81 0,694

E5 0,437 0,524 0,437

E6 0,468 0,39 0,39

E7 0,355 0,496 0,355

E8 0,383 0,319 0,383

E9 0,362 0,301 0,301

E10 0,219 0,307 0,219

E11 0,237 0,237 0,198

E12 0,185 0,222 0,222
∑y

k 5,761 5,759 5,359

Expert survey results of builders’ experts on the level of formation of information
security of construction enterprises are presented in the Table 4.
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Table 4. Expert survey results of builders’ experts regarding the level of formation of information
security of construction enterprises, resp. Unit

Indicators K321 K322 K323 K324 K325 K326 K327 K328 K329 K3210

Experts

E1 5 5 6 5 6 5 6 6 4 5

E2 6 5 6 5 5 6 5 5 6 5

E3 4 6 5 6 5 6 5 5 5 6

E4 6 5 5 6 6 5 6 6 5 5

E5 6 5 5 5 5 4 5 5 5 6

E6 6 7 6 5 6 5 5 6 4 6

E7 5 6 6 5 6 5 5 6 6 5

E8 6 6 5 6 5 5 6 5 4 5

E9 6 5 6 6 7 6 5 6 5 6

E10 6 5 6 6 6 6 6 6 5 5

E11 5 5 6 7 6 6 6 6 6 5

E12 6 6 6 4 6 6 4 6 5 6

Wed arithme-tic 5,583 5,5 5,667 5,5 5,75 5,417 5,333 5,667 5,0 5,417

Wed geom 5,542 5,464 5,646 5,446 5,719 5,376 5,295 5,646 4,949 5,395

At construction enterprises, the level of information security for the formation anduse
of an intelligent economic system is decreasing, which negatively affects the possibilities
of applying innovative development tools (Table 5).

Table 5. The results of statistical processing of the expert survey taking into account theweighting
coefficients of construction experts of the level of formation of information security of construction
enterprises, resp. Unit

Indicators K321 K322 K323 K324 K325 K326 K327 K328 K329 K3210

Experts

E1 0,713 0,713 0,855 0,713 0,855 0,713 0,855 0,855 0,57 0,713

E2 0,805 0,671 0,805 0,671 0,671 0,805 0,671 0,671 0,805 0,671

E3 0,507 0,761 0,634 0,761 0,634 0,761 0,634 0,634 0,634 0,761

E4 0,694 0,579 0,579 0,694 0,694 0,579 0,694 0,694 0,579 0,579

E5 0,524 0,437 0,437 0,437 0,437 0,35 0,437 0,437 0,437 0,524

(continued)



Safety Factors in the Use and Formation 27

Table 5. (continued)

Indicators K321 K322 K323 K324 K325 K326 K327 K328 K329 K3210

E6 0,468 0,546 0,468 0,39 0,468 0,39 0,39 0,468 0,312 0,468

E7 0,355 0,425 0,425 0,355 0,425 0,355 0,355 0,425 0,425 0,355

E8 0,383 0,383 0,319 0,383 0,319 0,319 0,383 0,319 0,255 0,319

E9 0,362 0,301 0,362 0,362 0,422 0,362 0,301 0,362 0,301 0,362

E10 0,263 0,219 0,263 0,263 0,263 0,263 0,263 0,263 0,219 0,219

E11 0,198 0,198 0,237 0,277 0,237 0,237 0,237 0,237 0,237 0,198

E12 0,222 0,222 0,222 0,148 0,222 0,222 0,148 0,222 0,185 0,222
∑y

k 5,494 5,455 5,606 5,452 5,648 5,354 5,368 5,588 4,96 5,389

At the intermediate level, information-analytical support is determined by the inter-
action of stakeholders regarding the formation and use of the intellectual economic
system of construction enterprises (Tables 6 and 7).

Table 6. The results of an expert survey of builders’ experts regarding the level of ensuring the
interaction of stakeholders of construction enterprises, resp. Unit

Indicators K331 K332 K333 K334 K335 K336 K337 K338 K339 K3310 K3311

Experts

E1 6 6 5 6 6 5 6 6 6 5 6

E2 7 6 5 5 6 6 5 6 6 5 6

E3 6 7 5 5 6 6 5 5 6 6 5

E4 6 7 5 6 5 6 5 6 5 5 6

E5 6 6 5 7 6 5 6 5 6 5 5

E6 6 6 5 6 5 6 5 5 5 6 5

E7 6 5 5 6 6 5 5 5 6 5 6

E8 6 7 6 6 6 5 6 6 6 7 6

E9 7 5 5 5 5 5 4 6 6 5 5

E10 6 5 5 6 5 5 5 6 5 6 5

E11 6 6 5 5 6 6 4 5 6 6 6

E12 6 6 6 5 7 6 6 5 5 5 5

Wed
arithmetic

6,167 6,0 5,167 5,667 5,75 5,5 5,167 5,5 5,667 5,5 5,5

Wed
geom

6,156 5,958 5,154 5,633 5,719 5,477 5,119 5,477 5,646 5,464 5,477
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Table 7. The results of the statistical processing of the expert survey, taking into account the
weighting coefficients of expert builders of the level of ensuring the interaction of stakeholders of
construction enterprises, resp. Unit

Indicators K331 K332 K333 K334 K335 K336 K337 K338 K339 K3310 K3311

Experts

E1 0,855 0,855 0,713 0,855 0,855 0,713 0,855 0,855 0,855 0,713 0,855

E2 0,939 0,805 0,671 0,671 0,805 0,805 0,671 0,805 0,805 0,671 0,805

E3 0,761 0,887 0,634 0,634 0,761 0,761 0,634 0,634 0,761 0,761 0,634

E4 0,694 0,81 0,579 0,694 0,579 0,694 0,579 0,694 0,579 0,579 0,694

E5 0,524 0,524 0,437 0,612 0,524 0,437 0,524 0,437 0,524 0,437 0,437

E6 0,468 0,468 0,39 0,468 0,39 0,468 0,39 0,39 0,39 0,468 0,39

E7 0,425 0,355 0,355 0,425 0,425 0,355 0,355 0,355 0,425 0,355 0,425

E8 0,383 0,447 0,383 0,383 0,383 0,319 0,383 0,383 0,383 0,447 0,383

E9 0,422 0,301 0,301 0,301 0,301 0,301 0,241 0,362 0,362 0,301 0,301

E10 0,263 0,219 0,219 0,263 0,219 0,219 0,219 0,263 0,219 0,263 0,219

E11 0,237 0,237 0,198 0,198 0,237 0,237 0,158 0,198 0,237 0,237 0,237

E12 0,222 0,222 0,222 0,185 0,259 0,222 0,222 0,185 0,185 0,185 0,185
∑

yk 6,194 6,131 5,101 5,69 5,739 5,531 5,231 5,56 5,725 5,416 5,567

Generalized indicators of safety factors for the use and formation of intelligent
economic systems of construction enterprises are determined by the geometric mean of
group local indicators of the i-th group:

Ki = n
√
Kij (1)

n – the number of local factors in the i-th group, resp. Unit.
The generalized economic indicators calculated according tomodel (1) are presented

in the Table 8.

Table 8. Generalized indicators of safety factors for the formation and use of intelligent economic
systems of construction enterprises.

Group indicators Value

financial and economic security of construction enterprises, 5,623

formation of information security of construction enterprises 5,428

ensuring the interaction of stakeholders of construction enterprises 5,617
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3 Result

The general indicator of safety factors in the formation and use of intelligent economic
systems of building enterprises should be resistant to possible fluctuations in the values
of individual group indicators. Based on statistical observations, the integral indicator of
safety factors of the formation and use of intelligent economic systems of construction
enterprises was calculated according to the Kolmogorov root mean square, which fully
meets the requirements of stability:

I =
√
√
√
√1

k

k∑

i=1

K2
i , (2)

k – safety factors of the formation and use of intelligent economic systems of construction
enterprises.

The value of the complex indicator of the level of safety factors of the formation and
use of intelligent economic systems of the construction enterprise calculated by (2) is
equal to 5.557.

4 Conclusion

So, because of the study of the state and development trends of the construction sector,
it was determined:

1. Construction industry is an important branch of the state economy, which affects
its development and ensures the functioning of other spheres of activity. It reflects
trends and is an indicator of the development of the state’s economy. Construction
industry reacts more inertly to the changes taking place in the state, both in terms of
development and the accumulation of negative phenomena.

2. For the period until 2020, there is an increase in themain indicators of the construction
sector. In particular, the production and economic potential is strengthened due to the
growth of fixed assets, current assets, sources of financing. It should be noted that the
value of equity is decreasing along with an increase in the level of current liabilities.
This affects the level of financial stability of construction enterprises.

3. During the studied period, the majority of enterprises in the construction sector are
profitable, which indicates positive financial performance and provides a shift in the
development of construction business entities.

4. It should be pointed out the slowdown in the development of labor potential in the
construction sector, which reduces the trends and level of development of construc-
tion enterprises. This especially applies to the development and implementation of
intelligent economic systems.

Thus, safety factors for the use and formation of the intelligent economic system of
construction enterprises are proposed, the assessment ofwhich is based on the application
of qualitative methods used for construction enterprises and regions. The presented
indicators are determined by the level of national security, directions of formation and use
of financial, economic and information security, features of interaction of construction
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companies with stakeholders. Safety indicators make it possible to build a quantitative
basis for assessing the level of formation and use of an intelligent economic system for
making informed management decisions.

A quantitative basis for the development and implementation of safety directions
for the formation and use of the intellectual economic system of construction enter-
prises has been formed by evaluating safety factors. It has been established that the
formation of information and analytical support for the implementation of security mea-
sures is mediocre, which indicates the need to implement directions for increasing their
effectiveness.

The formation of intelligent economic systems requires the solution of complex
problematic issues related to:

transformation of the information security system and the use of modern information
technologies;
Expanding the possibilities of using artificial intelligence tools;
Low level of personnel training regarding the development and application of intelligent
economic systems;
Insufficient level of completeness of spatial information on the functioning of construc-
tion companies;
The Problem of the formation of economic and social factors for the development of
intellectual economic systems;
Transformation of the organizational structure of construction enterprises in accordance
with the directions of formation and use of intelligent economic systems;
Insufficient Level of determination of urban planning factors, considering the peculiar-
ities of regulatory and legal support.
Based on the identified problematic issues, directions for further research are proposed:
Studying and determining the possibilities of applying artificial intelligence at construc-
tion enterprises;
Formation of educational programs for personnel training, taking into account directions
and features of implementation and application of intelligent economic systems;
Determination of directions of organizational and instrumental transformation at
building enterprises for the use of intelligent economic systems;
Research of spatial aspects regarding the activity of construction enterprises using
geoinformation systems and technologies;
Study of economic factors as a system affecting the formation of intellectual economic
systems of construction enterprises;
Determination of urban planning factors and their research in the system of formation
of factors of intellectual economic systems;
Determination of growth points of relevant factors;
Development of an organizational and economic mechanism for the use and formation
of intelligent economic systems of construction enterprises.
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Abstract. The climatic colonies are a new typology of buildings, an unprece-
dented synthesis of health and educational structures, promoted by the National
Fascist Party for the care and training of young people with the aim of physi-
cally and mentally “shaping” the new Italian, from the very early childhood. The
buildings are complex “sanitary machines”, using distribution and construction
solutions based on studies and experience gained since the 19th century to make
buildings for the healthy treatment of tuberculosis and lung diseases (hospices and
sanatoriums). The contribution starts with a study of the architectural, typological
and construction characteristics of colonies, located in both marine and mountain
environments, and focuses attention, in particular, on two of those built in Abruzzo
in the 1920s during the Fascist Fascist period. The original functioning of the two
buildings will be investigated, as well as the effectiveness of the solutions adopted
to achieve internal comfort and the building-environment relationship. This study
is aided by computer simulations. These themes are fundamental for guiding the
recovery of this type of existing structure, and also consider recent and continuing
climate change to which the entire planet is subjected.

Keywords: Climatic Colonies · Comfort Indoor · Thermo-Hygrometric

1 Introduction

1.1 Marine and Mountain Colonies in Italy and Abruzzo during the Fascist
Period: Architecture, Typology and Environmental Control in Comparison

With law no. 2447 of 3 April 1926, the Opera Nazionale Balilla (ONB) was founded,
which in 1937 was incorporated into the GIL, Gioventù Italiana del Littorio: with these
institutions, the Fascist regime replaced the vast movement of local and philanthropic
committees that in previous decades had promoted the creation of seaside hospices
in Italy to treat lung diseases and tuberculosis with sea air [1–3], with a health and
education strategy aimed at forging new Italians, making them healthy and loyal to the
regime [4–6].
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In this system, architecture takes on a central role, thanks to new architectural typolo-
gies conceived for this purpose, including the “climatic colonies”, buildings that are the
result of an unprecedented synthesis between the health and prophylaxis function of
19th century hospices and sanatoriums and the scholastic and sporting functions.

Central to the regime’s social policy, especially since the 1930s, the colonies became
a precious opportunity for Italian architects to experiment with a modern architectural
language, usingmore rhetorical futuristic references to shapes that evoke biplanes, ships,
submarines or symbols of the regime that stimulate the imagination of the young guests
with their image; or using more rigorous applications of the formal logic of the modern
movement.

According to the data provided by the regime in 1936, 3,128 colonies of all types had
been set up, with a total of 568,681 children being cared for, compared with 99,256 in
1923 [3]. Theywere of various types: ‘permanent colonies’ for the prophylaxis and treat-
ment of pathological cases, run by the Opera Nazionale Maternità e Infanzia (ONMI);
‘day colonies’, where destitute but basically healthy children spent the day in places
close to urban centres; ‘temporary colonies’, where children spent holidays, usually at
the seaside or in the mountains.

Per the data provided by the regime in 1936 [3] (see above), even with this dramatic
increase in numbers, there was some confusion as late as the thirties about the typo-
logical classification of these buildings, denounced by the entry “Summer colonies”
in the Treccani encyclopedia written by Arcangelo Ilvento [7] in which they are still
flanked by marine and mountain hospices. Also, in the “Manual of the Architect” by
Daniele Donghi [8] they are still included in the chapter dedicated to sanatoriums and
distinct in mountain colonies, for anti-tuberculosis prevention, and scholastically con-
ceived as outdoor schools particularities in marine localities without construction and
assimilation to para-hospital buildings. The confusion is partially overcome only thanks
to the architectural-typological classification of the marine, mountain and heliothera-
peutic colonies, proposed in 1941 by Attilio Labò and Mario Podestà (1941), in which
it is specified that “the theme resumes, in some way, the tradition of the Greek ‘gyms’;
which, as we know, were not only a place for gymnastics” and “at the architectural level,
the hygienic goal, with the impeccable healthiness of the rooms and with their equip-
ment, is only a premise, an implicit preliminary [beginning]. The plant holds the hotel,
the school, and the clinic at the same time”. The authors then proceed to identify four
main organizational schemes, in particular, for the marine colonies: the “village”, with
separate and sometimes communicating buildings; the ‘open plan’, with asymmetrical
juxtapositions and interpenetration of volumes; the “tower” and the “monoblock”, with
a single body built vertically or horizontally; to the latter type is added a fifth “hybrid”,
the “contaminationes”, with a vertical element inserted in a predominantly horizontal
form.

The mountain colony, according to Labò and Podestà, is also typologically inter-
pretable “as a compromise between the hotel and the house”, but in this case, the issue
of orientation is more complex: according to the two authors, in fact, who deal only
superficially with the environmental problem, while in the marine structures the only
conditioning factor is “the scorching summer sun reflected by the sea”. In the moun-
tains, dominant winds also come into play, which could depend or not on the primary
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wind directions. Dramatic change in elevations/altitudes can also have great importance.
Finally, from the architectural point of view, the reduced availability of surface and the
binding presence of the vertical dimension in the mountain landscape, makes the use
of recurring planimetric schemes and rationalist-type volumes less frequent: therefore,
they observe “some architects will adapt with a planimetric inflection at the curve of
an amphitheater of mountains, others will divide or break up their volumes, others will
eventually resort to borrowing from rustic architecture language, with varying fortune”.

In reality, the more limited number of mountain colonies built during the Fascist
period actually makes unrealistic cataloging them by typological schemes. The only
observation in this regard is, precisely, the greater diffusion of a vernacular architectural
language, which echoes the motifs of the chalet and mountain hut on different scales,
using and exhibiting natural materials characteristic of Alpine building. Only a few
examples, such as the Rinaldo Piaggio in S. Stefano d’Aveto, Genoa (1938) by Luigi
Carlo Daneri or the IX Maggio, in Monteluco of Roio, L’Aquila (1934) by Ettore Rossi
escape the judgment of architectural mediocrity of this type of colonies formulated by
Labò and Podestà. In fact, the two designers both not only adopt a refined rationalist
language, but alsomaterials and design devices designed to favor the internal healthiness
of buildings, maximizing or mitigating the effects of external environmental factors.

In the semi-arched monoblock of Daneri, in fact, the façades of the dormitories
are oriented to the north and south, exploiting the bactericidal action of the sun with
a solution typical of sanatoriums with the southern orientation, completely glazed to
capture the sun’s rays. The opposite facades are almost completely blind except for
small transom windows with roller shutters. Rossi, among the first experts in Italy in
“monoblock” hospital construction, designed for the EnteNazionale AssistenzaGente di
Mare (ENAGM) a colony located on the hill overlooking L’Aquila, characterized by an
elegant double-curved layout. The services are arranged in the center and divide the body
into two wings, male and female, with the gyms on the first floor and the dormitories on
the upper floors, inclined exactly 15 degrees from the central body and facing south-east
so as to enjoy an optimal insulation during the day and also in the Winter, since the
colony was also active from November to June. The corridors and services, instead, are
arranged on the opposite side of the dormitories, also taking advantage of ventilation
and direct lighting, avoiding the need to use forced ventilation and, indeed, guaranteeing
a healthy transverse ventilation of the dormitories. Two stairwells particilarly located
also likely created a further “chimney effect” [7, 9] (Fig. 1).

Also one of the two marine colonies created in Abruzzo during the Fascist period,
the Stella Maris in Montesilvano, Pescara (1937), was characterized by a monoblock
scheme, but more volumetrically articulated. It was designed by the Roman architect
Francesco Leoni for the “Federazione of Fasci di Combattimento di Rieti”. Its futuristic
image of an aircraft, “ready to take flight”, in the signs of the Littorio”1 contrasts with
the more canonical “village” system of the colony Rosa Maltoni Mussolini (1936) [10],
built in Giulianova, Teramo, a project by Eng. Alberto Ricci for the “Istituto Nazionale
Assistenza Magistrale (INAM) (Montuori 2019). The shape of the airplane is used by
Leoni not only as a symbolic and evocative reference but for the rational organization
of spaces and the internal environmental control: the central block, destined to the first
floor of the refectory and to the helicoidal staircase that leads to the upper tower, in
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Fig. 1. Colony IX Maggio: plan of the ground floor of the building (Archive of Ispettorato
Generale del Ministero delle Finanze, ENAGM)

fact, is conceived as a sort of ventilation tower of the building, with large windows
facing east towards the sea, with guillotine openings and shutters, to control currents
and radiation during the hottest hours; the dormitories, separated from the central tower
by filter rooms with vestibules and toilets, are arranged in the wings of the biplane with
a canonical east-west orientation, and equipped with windows on both sides to facilitate
cross-ventilation of the rooms [9] (Fig. 2).

The colonies IX Maggio and Stella Maris, therefore, are, on one hand, a perfect
demonstration of how this type of building was conceived in relation to the different
environmental contexts to respond to precise hygienic parameters of sunshine, aeration
and lighting. For example, the marine colonies were arranged mostly towards the south-
east and somewhat parallel to the coast, to exploit not only the air movement triggered by
the temperature difference of the opposite walls, but also the sea breeze. However, in the
mountain colonies the environment was orientated mostly to the south, to take advantage
of the sun’s rays and heat as much as possible. On the other hand, these progressive
designs over time show the ability of some of the designers to “bend” this technical
approach to precise formal and architectural choices, created differing expressions of
the modern language.

The changes introduced in the buildings after the loss of the original function and their
transformation have often caused alterations not only in the architectural image of the
buildings, but also in the original internal environmental control. The former colony IX
May, for example, today still awaiting consolidation and restoration after being damaged
by the earthquake in L’Aquila in 2009. It was functional until the outbreak of the Second
World War, then transformed between the Forties and Fifties into a reception center
for displaced persons and, since the 1960s, converted into the new headquarters of the
Faculty of Engineering of the University of L’Aquila: in addition to the architectural
image, therefore, the distribution and operation of the building has also been strongly
modified, with the division of the dormitories and the occlusion of the two side staircases
and with the insertion of elevators. Even the colony of Montesilvano, although never
activated for the outbreak of war, has undergone several distribution alterations over
the years. The last being to transform it into a dormitory for the students of the hotel
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Fig. 2. Colony Stella Maris, Montesilvano (PE): Plan of the first floor of the building (Archivio
Centrale dello Stato)

management school of Pescara, with the division of the dormitories to create the rooms
and the closure of the arcades on the ground floor.

2 Materials and Methods

The historical analyses of the typology of the climatic colonies and, in particular, of the
StellaMaris inMontesilvano (Pescara) and IXMaggio inMonteluco di Roio (L’Aquila),
will be verified in quantitative terms, analyzing the original state of the two buildings, as
well as in the years of respective numerous modifications and alterations (architectural
and construction) in order to demonstrate the perfect functioning of the same as “thermal
machines”, in particular, as it relates to natural ventilation and the natural cooling of
the buildings [10]. This research does not include analyses of the heating, because it
focuses on analysis during the summer season. They have been conducted, therefore,
considering the buildings from an unoccupied passive perspective such as the orientation
and the spatiality of the buildings, the number and position of the openings, the presence
of specific similar architectural elements such as the towers of ventilation, with the aim
of knowing the original potential of these structures from a thermohygrometric point of
view [11, 12].

The thermohygrometric efficacy, in fact, is influenced by six factors: four about
environmental nature (air temperature, average radiant temperature, relative humidity
and air speed), and two related to users [activity (metabolism) (met) and clothing (clo)].

As the subject of this study, environmental performance is greatly influenced by the
planimetric conformation and the distribution and construction solutions adopted in the
buildings [13]. In fact, the intrinsic thermo-hygrometric behavior can be associated with



38 E. Laurini et al.

construction solutions,which favor the bioclimatic functioning of the structures (Masetti,
2009). Among these are the most ancient thermal machines built by man: the ventilation
chimneys, inside which the air circulates according to differences in temperature and,
above all, pressure between inside and outside, and between the different building floors
which, even if minimal, increase with height and temperature differences. Moreover,
each gas, if heated, expands proportionally to the increase of its absolute temperature,
undergoing a decrease in the specific weight and tending to rise upwards. This phe-
nomenon can be exploited to naturally ventilate the otherwise contained environment
and obtain optimal climatic conditions. Also, in the climatic colonies it is possible to
identify some architectural featuers that originally worked as ventilation towers, con-
ceived also in relation to the specific exposure and site configuration, and that is assumed
a be a key role in the buildings design.

2.1 The Stella Maris in Montesilvano (Pescara) and IX Maggio in Monteluco di
Roio (L’Aquila) Colonies: Thermo-Hygrometric Analysis

The Stella Maris marine colony in Montesilvano (Pescara) and the IX Maggio colony
in Monteluco di Roio (L’Aquila) are located in two areas of Abruzzo at the antipodes
from both the climatic and the altimetric point of view. In both cases, the achievement of
internal comfort has been evaluated through natural ventilation in the summer months
(from 21 June to 21 September), during which time the buildings were both originally
used, in order to check whether the buildings have been designed according to the
altitude. As a result, simulation models have been created with the Designer Builder
software, positioning the buildings in both the elevations (810 m asl – Monteluco di
Roio- and 0 m asl- Montesilvano) and checking the results according to the thermal
hygrometrics conditions obtained. Even if the analyzes in naturally ventilated buildings
are carried out with the adaptive method, it is possible to use the Fanger method in
non-hot climate zones (as reported by Parisi E., Cap III Grosso, 2011). Both colonies are
located in temperate climate zones and since the development of the research involves
a comparison with the buildings redeveloped from the point of view of the envelope
and the systems (including VMC), the examination of comfort levels has been carried
out using the Fanger index method, considering an average value of air speed equal to
0.1 m/s and two parameters related to the activities carried out inside the buildings and
the clothing type ( 1.00 met – sedentary activity- and 0.5 clo – light summer clothing).
Moreover, in computer simulations the wind direction plays a fundamental role in both
locations, for which the prevailing wind has been considered and compared to the data
monitored during the year.

Design Builder, in fact, allows to study the movement of thermal masses and natural
ventilation flows in accordance with the external weather conditions, to evaluate the
masses of air exchanged between exterior and interior and in different areas of the
model, through openings based on the wind speed and pressure differences [14, 15].

In the absence of reliable data on the materials originally used in the construction
of the two buildings, modeling was performed on the basis of the information found
in the archives. In the simulations, therefore, it was hypothesized that the presence of
perimeter walls in solid brick (Stella Maris) or mixed bricks, in stones and bricks (IX
Maggio), were practically equivalent for thermal inertia, without thermal insulation,



Architecture and Techniques of Environmental Control 39

also non-insulated covers and wooden window frames with single, non-insulated and
non-sealed glass [16, 17] (Fig. 3).

3 The Cases Study

3.1 Thermo-Hygrometric Simulations on the Behavior Colonies: Stella Colony

The StellaMaris colony is located near the sea coast in themunicipality ofMontesilvano,
in the province of Pescara. As shown by the aerial view, the two “wings” of the building
widen towards the coast and, as shown in thewind rose, thewind intensity, equal to 3m/s,
is strongly influenced by the presence of the sea and directed towards the North-East
(Figs. 4 and 5).

The modelling, taking into account openings with windows, but above all the pres-
ence at the intersection of the two wings, of a tower, intended for the refectory and
the spiral staircase leading to the terrace and the director’s accommodation, which
extends over the entire height of the building. That staircase/tower acts as a ventila-
tion chimney, creating internal air flows, generated by convective motions which allow
a thermo-hygrometric ‘washing’ that favors internal well-being.

Applying qualitative considerations, the air flows that develop from the central tower,
in fact, are also propagated in the “wings” and in the tail of the building, crossing all
the rooms and ensuring comfort conditions throughout the building, as evidenced by the
quality of flows (Fig. 6).

On the building model elaborated with the software (Fig. 7), a simulation in dynamic
regimewas then carried out in order to evaluate the interior comfort of the building during
the warmer months, for which it is usually necessary to use mechanical ventilation or
conditioning systems for users’ well-being. However, for this purpose, only natural
ventilation was evaluated, facilitated by the presence of the central tower and the shape
of the building.

The first simulation was elaborated positioning the building in its real location, in
the municipality of Montesilvano (PE) and creating a linear graph with the performance
of the comfort parameters during the summer months. The average data relative to the
air temperature, the radiating temperature and the resulting relative humidity, were used
to verify the comfort according to Fanger indices (PPD and PMV) (Fig. 7).

The curve of the Fanger indices shows that the simulation in the Montesilvano town
had obtained verified results in terms of thermo-hygrometric comfort.

The same simulation was carried out by positioning the Stella Maris colony, in a
mountainous area, at 810 m asl, in the locality of Monteluco di Roio (AQ).

Also in this case, as shown by the graphs obtained and the Fanger Indices curve,
comfort is verified (Fig. 8), a sign of the building’s excellent functioning both in the
climatic zone for which it was designed, so too in a completely different climate (Fig. 9).
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Fig. 3. Methodological path.
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Fig. 4. (a) Google earth photo; (b) wind rose of the Montesilvano area (PE).

Fig. 5. Photo of Stella Maris building.

Fig. 6. Colony Stella Maris. Qualitative scheme of air flows: cold (blue); at intermediate
temperatures (orange); hot (red). At the center the tower that serves as a ventilation chimney.
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Fig. 7. Model of Stella Maris colony elaborated with Design Builder.

Fig. 8. Colony Stella Maris. Graphs of the trend of the comfort parameter curves (a) and verifi-
cation graph of the Fanger indices (b) in the climatic zone of Montesilvano (PE). Graphs of the
trend of the comfort parameter curves (a) and verification graph of the Fanger indices (b) in the
climatic zone of Monteluco di Roio (AQ).
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Fig. 9. Colony Stella Maris. Graphs of the trend of the comfort parameter curves (a) and verifi-
cation graph of the Fanger indices (b) in the climatic zone of Montesilvano (PE). Graphs of the
trend of the comfort parameter curves (a) and verification graph of the Fanger indices (b) in the
climatic zone of Monteluco di Roio (AQ).

The IX Maggio colony is situated instead, at 810 m asl, on a hill in the locality
of Monteluco di Roio, not far from the center of L’Aquila. Both the position and the
planimetric characteristics of the L’Aquila building are, therefore, completely different
from the one made in Montesilvano. In fact, if the open plan of the Stella Maris turned
towards the sea coast in the North-East direction, in the case of the IX May colony, the
highlighted directionality is in the opposite direction (South-East) with a wind intensity
equal to 2 m/s (Figs. 10 and 11).
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Fig. 10. (a) Google earth photos; (b) wind rose of the locality Monteluco of Roio, L’Aquila.

Fig. 11. Model of IX Maggio colony elaborated with Design Builder.

Fig. 12. Colony IXMay.Qualitative scheme of air flows: cold (blue); at intermediate temperatures
(orange); hot (red). At the center and the sides the towers that act as ventilation chimneys.

The planimetric layout of the IX May colony is much simpler than the Stella Maris
plan: a single building with the ends slightly inclined towards the inside and three
“towers” at full height, corresponding to the three entrances and staircases, a larger
central one and two lateral ones, which act as ventilation chimneys. They create currents
inside the building, which favor air exchange and natural ventilation (Fig. 12). Through
the simulation under dynamic regime the graph relating to the progress of the internal
comfort parameters has been reconstructed.

The average summer values of air temperature, radiant and relative humidity, were
then used for the comfort check with the Fanger index method, which showed how the
colony IX Maggio, in its real location, has an excellent thermo-hygrometric behavior
during the summer months (Fig. 13).
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It was then suggested to place the building in a different climatic context, positioning
it, for example, on the Stella Maris site, with the aim of verifying whether its functioning
as a thermalmachine is effective even in a placewith different temperatures and humidity.

In this case, the simulation gave a negative result, because in this different location,
the IX May colony does not have the same internal comfort parameters (Fig. 14).

Fig. 13. Colony IXMay. Graphs of the trend of the comfort parameter curves (a) and verification
graph of the Fanger indices (b) in the climatic zone of Monteluco of Roio (AQ) and Montesilvano
(PE).
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Fig. 14. Colony IXMay. Graphs of the trend of the comfort parameter curves (a) and verification
graph of the Fanger indices (b) in the climatic zone of Monteluco of Roio (AQ) and Montesilvano
(PE).

4 Discussion

4.1 Simulations Results on the Stella Maris and IX May Colonies: Comparisons

The results obtained from the computer simulations on the twobuildingswere tracedback
to the average summer values regarding the air temperature, radiant and relative humidity
(Table 1). This enabled gathering unit data from its application to the psychrometric
comfort maps (Fig. 15) with the aim of comparing the behavior of the two ‘thermal
machines’.
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Table 1. Average values of the parameters obtained by means of dynamic simulation, relating to
the climatic zone of Montesilvano (PE) and to Monteluco di Roio, L’Aquila (AQ), for both the
buildings under study.

Loc. Monteluco di Roio, L’Aquila (AQ)
21 July-21 Sept, Altitude 810slm, orientation SW, 2 m/s wind speed, 26 °C outdoor running
mean outdoor temperature

Air Temperature (°C) Mean radiant
temperature
(°C)

Relative Humidity (%)

IX Maggio 26 28 50

Stella Maris 25 27 51

Montesilvano (PE)
21 July-21 Sept, Altitude 0slm, orientation NE, 3m/s wind speed, 29 °C outdoor running mean
outdoor temperature

IX Maggio 28 30 55

Stella Maris 26 28 60

Analyzing the values individually, and considering the approximate values to zero
decimal places, it is evident that the different data in the two structures relates to the rel-
ative humidity, while the air temperature and the mean radiant temperature vary slightly
more than 1 °C.

In the IX May colony there are, in fact, values of relative humidity lower than the
Stella Maris colony, which can be explained by the presence of three ventilation towers,
rather than a single one as in theMontesilvano building. This triggers farmore significant
internal ventilation mechanisms, which lower the relative humidity through increased
airflow.

Generally, historical buildings in which, among other things, there were fewer plant
requirements than modern buildings, were designed in strict relation with the environ-
ment in which they were built, taking into account the climatic variables, the geographic,
topographic and parametric parameters, an biological variables linked to users. On these
bases, the pre-existing structures usually follow repetitive and constructive models of
construction in the different climatic zones. The compact building design, for example,
is an instrument to protect the building from both heat and cold, but is less suitable
to favor air circulation. The first numerical analyzes in this research, to be confirmed
following an energy analysis of the two buildings, shows that the mountain colony IX
Maggio works very well in its place of origin, but not so in the marine environment,
precisely because its single block shape, and with smaller glass surfaces, does not allow
air to circulate as the planimetric distribution is less rigid, which is more advantageous
in the Montesilvano building [18].

This conformation, however, made it suitable to be used also in the winter period,
since the colony of Roio, unlike that of Montesilvano, was originally also utilized from
November to June.
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Fig. 15. Average values of the parameters obtained by means of dynamic simulation, relating to
the climatic zone of Montesilvano (PE) and to Monteluco di Roio, L’Aquila (AQ), for both the
buildings under study.

Both buildings, therefore, are designed in strict relation to the construction site,
taking into account the outside temperatures, the optimal orientation with respect to the
sun and the prevailing wind direction. This allowed designers to exploit the benefits
of passive heating and cooling in obtaining an optimal interior comfort, as shown by
the verification of the relative humidity levels that, in all the simulations on the two
buildings, falls within the normative comfort parameters (range 40–60%).

Among other things, further aspects that could not be taken into account in the
simulations, but which might certainly effect (presumably improve) the data produced,
include but are not limited to, in the IX May colony, the presence of natural vegetation
which guarantees shading and the regulation of the air circulation in the hottest periods,
and defense from the wind in the cold periods. In addition, the external color of the
two buildings likely create an effect related to heat gain and/or reflection. Originally the
color of Stella Maris was, selected to maximize solar reflection, while a darker, probably
ocher color, was implemented on the IX May colony to favor the fundamental thermal
accumulation in a mountain environment with a colder climate.

It was important to compare the two buildings assuming the same climatic data, as
starting from the same hypotheses. The comparable results highlight how each building
of this typology is designed according to planimetric and altimetric conformations, but
also internal building layout in order to implement the natural exchange of internal air
with outside ambient air, maximizing the effects of comfort [19, 20].
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5 Conclusion: Future Related Research: Climate Change
Implications to Design Effectiveness

In a historical period of strong awareness of climate change, in view of the foreseeable
increase in outside temperatures, existing buildings will see a significant increase in
their consumption for cooling. In particular, in the long term, the increase in energy
required to cover the summer demand, depending on the building type and the level of
insulation of the buildings (construction period), may not be offset by the decrease in the
corresponding winter energy requirement. This wil lead to an increase in global primary
energy consumption with a consequent increase in climate-changing gas emissions for
the civil sector. The preliminary analyzes carried out to investigate the effectiveness of
energy efficiency measures in tackling climate change, also highlight how in existing
non-insulated buildings the priority of intervention will still be the thermal insulation
of the building envelope. Meanwhile, in existing buildings already insulated the control
of solar inputs will be primarily required. From these considerations the question can
arise whether and how buildings similar to those studied in this research can adapt to the
today’s differing climatic conditions with respect to the original design time, and how to
fulfill the greater request for internal comfort by using the shape of the building rather
than mechanical elements with high energy consumption. Of course, there will be the
consideration of combining the two systems.

As one considers four of the fundamental six thermo-hygrometric factors stated
earlier related to climate (air temperature, average radiant temperature, relative humidity
and air speed), there is scientific data (Montoya, 2019) that indicates climate change
will affect all of these factors over time. Therefore, a separate analysis is needed to
specifically determine at what level of change one would see through another modelling
exercise a resultant comfort level drop belowacceptable limits. Specifically, froma recent
climate projection study for the city of San Antonio, Texas [20], at approximately the
same latitude as southern Italy, “by 2040 the average number of days with temperatures
exceeding 38 °C could quadruple to more than 30 days per year, and by the end of the
century we can expect to see 55–100 days with maximum temperatures above 38 °C.
We will soon start to see summer nights where temperatures never drop below 27 °C,
reaching a total of at least 10 of these nights by end of century.” More specifically:
SummerMaximumTemperature about+3 °C+5 °C;HotDays (MaximumTemperature
> 38 °C) +48 days +94 days; Warm Nights (Minimum Temperature > 27 °C) +10
nights +55 nights; Annual Precipitation −76 mm −101,6 mm.

While the correlation along similar latitude lines on the globe might bequestionable
(i.e. The relationship may not be that linear), this study does provide a strong study result
that illustrates expected differentials. Intuitively we can say that further thinning of the
ozone is expected to increase solar radiation which will also alter temperature differen-
tials from both day vs night, and ambient air vs sea water which will consequently alter
the convection rate which drives wind velocity both over sea and land. Primary wind
patterns will be affected in velocity and possibly pattern direction due to environmental-
geographical interactions. Wind inversion at the upslope of mountainous regions will
change as driven by differing solar radiant gain on mountain massing and convection
patterns thereon. With all these variables in flux, forecasting a combined accumulated
effect is complex and beyond the scope of such proposed research. In that light, it is
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suggested that a matrix of differing conditions be created which addresses “revised” a)
wind direction, b) average wind velocity, c) ambient air temperature, d) relative veloc-
ity and e) radiant heat gain indication [21]. From there, calculations/modelling can be
run for a set of changes in all variables that highlight “what if” scenarios in order to
calculate at what level occupancy becomes uncomfortable, and therefore presumably
calling for mechanical system intervention. Finally, by creating an matrix of geometric
characteristics (and possibly a related multi variable algorithm), with particular regard
to the arrangement of the openings according to the types of climatic conditions, it will
be possible to obtain the best construction technique aimed at increasing the level of
internal comfort. These systems should be as an “open systems” (for example with mov-
able shading systems, or easily modifiable openings) in able to change configurations
over time adapting to various climatic changes, to obtain a comfortable building over
time [22–24].
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Abstract. “Liquid modernity” with its continuous and rapid change and the need
to safeguard the environment, which is severely compromised by anthropogenic
action, find an answer in local impermanence, that is, the art of designing and
implementing man-made spaces conceived for a specific time, which arise from
the peculiarities of the place, coexist in synergy with the local environment and
return to it at the end of the time of use. A metabolism thought out at the design
stage, in which the characteristics of compatible places are predefined for the
“birth” and “death” of the building organism. The paper describes the method
for the design and realization of local temporary building organisms, defining
a three-stage process analysis of local potential, identification of requirements,
design stage, guarantors of the compliance of the construction process with both
the dynamic lifestyle of modern man and the sustainability of the intervention.
The project is the result of analyses that start from the area allowing its promotion
and sustainable development, and at the same time the environmental and eco-
nomic cost of the building intervention is reduced. A benefit therefore for both
the community and the individual, in a scalar and cyclical process guaranteeing
that sustainable development capable of involving environmental, economic and
social aspects. The methodology described is verified through a case study in the
territory of L’Aquila (Italy): the design of a temporary building organism that can
be used either to upgrade an existing building or in constrained or emergency
contexts.

Keywords: Liquid Architecture · Local Temporariness · Reuse · Sustainable
Development · Local Supply Chain

1 Introduction

Polish sociologist Zygmunt Bauman invites us to reflect on liquid postmodernity in
which there is a belief that “change is the only permanent thing and uncertainty is the
only certainty” [1, 2]. In the modern era everything was given as a solid situation, in
the postmodern era everything is constantly changing and nothing has sharp and defined
contours anymore, everything is precisely liquid. The human being for climate protection
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needs spends more than half of his existence inside the anthropic space, a box that he
himself has built around himself for shelter. But this box takes on a different value than in
the past because nowadays human life is in an existing but unstable balance. It is the time
when challenges such as environmental pollution, energy and economic crisis have to
be faced. It is the time when one is a citizen of the world and goods cross the boundaries
not only of continents, but even of the earth, becoming waste in space. These challenges
impose responsiveness, movement, flexibility, imposing precisely a liquid approach in
which one cannot stop to think, but must think while acting. The immutable, rigid, stable
architecture, “daughter of the Colosseum” that has been the symbol of a safe place, of
man’s ability to leave an imprint in natural space strong enough to endure over the
centuries, nowadays turns into limitation, into impossibility to change with speed and
to protect the human being despite constant changes, of architecture’s inability to be
“enclosed in a suitcase.” Architecture that by its very nature brings back the concept of
stability needs a rethinking, a deep reflection that starts from the historical reasons for
the project and arrives at the future impacts of it. What is needed is an architecture that
does not live in the present, but is capable of traversing time, leaning on the knowledge
established in history to be capable of responding to the needs of the present, but above
all capable of glimpsing and predicting the needs of the future.

The “liquid architecture” is the art of creating organized human spaces capable of
evolving rapidly and easily to flow in parallel with the life course of human beings.
Rapidity and ease of evolution are two of the foundational requirements of liquid archi-
tecture. Speed allows the space not to lag behind the changing life of the human being,
allows it to “keep up.” Ease of evolution, being “ecofriendly” allows liquid architecture
to be “an architecture for all.” The key to evolution is, in fact, in the sharing of knowledge.
We are facing the speciation of architecture, that is, new environmental conditions that
lead to change, to an evolution of architecture. But to do this, architecture should evolve
with ease; it should be easy for the human user of the space to modify the space itself.
This is a temporary architecture in which the succession of actions is so rapid that it is in
motion, just like a fluid. This does not mean that “the fluid” cannot, depending on human
needs, also remain stationary, but it does mean that it is designed to have the possibility
of movement. In fact, liquid architecture is only seemingly at odds with the Vitruvian
concept of firmitas [3]. The liquidity of architecture does not consist in the absence of
static and material solidity, but it explicates the concept of solidity in a different form
from traditional architecture. The latter links the concept of solidity to that of stability,
liquid architecture on the other hand links the concept of firmitas to that of security.
Architecture thus reinterprets firmitas in its own dynamism. The constant evolution of
liquid architecture is expressed in the impermanence of the building organism, in which
space changes in function, size and performance and which is capable of adapting to
changing contexts.

Parallel to the needs of human beings, since the 1980s the planet has been facing
the great challenge of environmental pollution, which, while on the one hand has been
a consequence of industrial progress and globalization, on the other hand imposes in
the immediate term a rethinking of lifestyle (daily habits, mobility, industrial system,
economic processes), aimed at safeguarding the planet, acting in consideration of the
limited resources therein. According to UNEP data [4], construction field contributes
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more than 50% of global environmental pollution in terms of resource use, waste pro-
duction, air and water pollution, and land consumption. Thus, a rethinking of human
space aimed at directing the construction industry and all other sectors involved toward
sustainability of the building process and related products is needed.

If liquid society imposes temporary spaces how can these spaces be designed and
built sustainably? The temporariness of building is historically linked to the concept
of “non-place” that is the possibility for humans to shelter and protect themselves in a
variable territory. In the 1900s with the spread of the use of steel and in the 1970s with
the advent of plastic, the temporary habitat becomes a tool to reach every place in the
world and is linked to the concept of globalization [5].

Temporariness brings with it requirements such as reversibility and flexibility that
help make the building organism sustainable. But this is not enough. Strategically, it
is necessary to rethink temporariness from a local perspective [6], returning from a
methodological point of view to the design and construction process typical of traditional
temporary architecture, when the movement of the building organism was present, but
limited to a territory (think of the yurt, igloo or tipì, architecture that uses local materials,
whose construction systems are designed in a manner consistent with local resources
and performance-related to the climate of a given territory) [7]. While traditionally local
choices were dictated by the difficulty of global movement of people and goods, today
local choice is a choice, a necessary choice as a function of the need for environmental
preservation.

Therefore, to the concept of liquid architecture that is a response to human dynamism,
it is necessary to associate the concept of local impermanence, i.e., the art of designing
and realizing human spaces conceived for a specific time, which arise from the peculiar-
ities of the place, coexist in synergy with the local environment and return to it at the end
of the time of use. A metabolism thought out in the design phase. It is possible to draw
a parallel between the metabolism of a living being and the metabolism of the building
organism [8]. This means designing and implementing a building organism by planning
the place where it will “be born” i.e., be assembled and “die” i.e., be disassembled. This
does not mean that the building once constructed must necessarily remain in a particular
place. In its “adult” life, that is, once it is structured, it may be assembled/disassembled
or transported a given number of times (compatible with the durability of its compo-
nents), but the beginning and end of life phases will have to be territorially well-defined.
It is not a matter of specifically defining a place or territory, but it is a matter of defining
the characteristics of that territory. For “born” and “die” all places consistent with the
characteristics of the territory defined in the design phase are compatible. Moreover,
to enable the building in its use phase to be able to respond to human dynamism, it is
necessary to design the building system flexibly to ensure environmental comfort despite
changing climatic conditions.

The literature review shows many studies related to the environmental comfort of
temporary systems [9–11] to change of use that implies the search for variable comfort
conditions [12], to constructive solutions that allow reversibility and ease of assembly
[13, 14]. Innovative solutions, moreover, are those related to structural exoskeletons,
which, while a reversible regeneration tool, have a significant impact of the materials
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used [15]. There are also studies concerning the environmental impact of temporary
systems used for exposures [16].

However, there are no studies present that illustrate how to design temporariness in
a local dimension, breaking free from the concept of “globalization” and returning to
the relationship with place.

The objective of the research illustrated in this paper is therefore to define how local
temporariness is designed and constructed, what requirements it should meet, and what
are its operational declinations.

2 Method

The design of local temporariness has two areas of operation: intervention on built her-
itage and intervention on virgin soil (in constrained or emergency contexts), which have
a similar design and implementation process, subject to the specificities of each. The
world’s built-up area from 2015 to 2020 has grown by 9.8% [17], considering that the
land area is limited and in the future the population is expected to grow, it is neces-
sary to safeguard the productive capacity of the soil. Therefore, as confirmed by the
“Sustainable Cities and Communities” and “Life on Land” goals of Agenda 2030 [18],
anthropogenic spaces should as much as possible be limited to the existing by providing
through temporary building organisms for redevelopment or densification of the already
existing built environment. In the case of intervention on the built environment, the com-
plexity lies in the need to interface with the pre-existing and to customize the temporary
building body based on the constraints and values of the already existing building [19].
Otherwise, in emergency or constrained contexts, it is possible to intervene through
temporary systems such as to occupy the soil reversibly and without altering the natural
habitat and its biodiversity.

Fig. 1. The method and its phases.

In the case of intervention on virgin soil, the complexity stems from the need to design
a building organism that is flexible and dynamic with respect to locations and climates
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thatmay vary [20]. That is, the buildingmust be able to be easily assembled/disassembled
or transported pre-assembled a variable number of times during its life cycle. Themethod
for the design and construction of the local temporary building consists of the following
steps: the analysis of the potential of the territory, the identification of requirements,
and the design of the local temporary building body (see Fig. 1). The link with the
territory and the requirements that by their very nature identify temporariness become
guarantors of the sustainability of the intervention and at the same time of the building’s
responsiveness to the dynamism of “liquid modernity.”

2.1 Analysis of the Potential of the Territory

The first phase ensures the link with the territory and consists of identifying the context
in which the building begins its life cycle and planning the context in which the building
will end its life cycle. At this stage, the characteristics of the territory such as to condition
the project in an identity form must be defined. Identifying the beginning-of-life context
is less complex than identifying the end-of-life context, as it takes place in the present.
Otherwise, the characteristics of the end-of-life context presuppose a projection into
the future of the evolution of the building system and how it will vary according to the
dynamic needs of users. It is therefore necessary to take as a temporal reference the
durability that is assigned to the temporary building organism and with respect to it
to make a forecasting action. For the identification of the characteristics of the spatial
context of the beginning of life, the climatic peculiarities, the availability of resources
and the related productive organization, both existing and potential, will have to be
analyzed. In the case of intervention on the built environment the climatic peculiarities
remain constant during the phase of use of the temporary system, otherwise in the case of
building bodies insisting on virgin soil it is necessary to design the possibility of varying
the building envelope with ease in order to ensure environmental comfort as external
conditions change.

The local production system needs to be analyzed to identify:

– Building-related materials/components by defining for each product whether the raw
materials are sustainable (from controlled and renewable resources) and whether
they are derived from local supply chains. Consider, for example, the presence in the
territory of the timber structural component manufacturing industry and the need for
raw material supply, which can be from local forest resources if the territory is by
orography and climate compatible with the species used for construction purposes,
or the supply can be from other places other than the local surroundings, changing,
however, the sustainability of the process not only from an environmental point of
view, due to the incidence of transport and the positive contribution of vegetation, but
also from an economic and social point of view through the linking of a part of the
supply chain to a specific territory.

– Materials/components related to sectors other than construction, both primary prod-
ucts and by-products, which can also be used in construction. In the case of primary
products, the same assessments described for materials/components related to con-
struction must be made; in the case of secondary products, the impact related to the
processing functional to their use in construction must be assessed.
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Materials/components that can potentially be produced by the existing production
system, using existing know-how and machinery to process available local resources in
a quantity that can generate new local supply chains. This assessment is instrumental
in identifying the potential of the area, but it is complex in that the time and economic
resources required for the reconversion or new development of an industrial systemmust
also be assessed. This is such an operation that promotes sustainable development but
is sometimes, due to the number and timing of the process, functional for the enhance-
ment of the territory but not compatible with the design and implementation of a single
intervention. It finds meaning in a systemic and non-point approach to the definition of
land resources.

An illustrative case of the valorization of waste products from the production system
through industrial system know-how is the emergence of the sheep wool insulation
industry in Sardinia (Italy). Sheep farming for milk production is historically rooted in
this area. The wool from such sheep has been used for centuries to make mattresses and
pillows as it is very durable. The presence of imported synthetic fabrics on the market
has brought an end to this use of wool. The availability of sheep’s wool, waste from
the dairy sector, combined with a structured know-how of using this resource and the
availability of wool processing machinery already present in the territory’s industrial
system, has led to the emergence of industries that make insulating building mats from
sheep’s wool, enhancing a waste from the territory [21–23].

In parallel, the analysis of traditional architecture allows us to identify resources
that are historically linked to the area and define which among them are also potentially
usable today. Among the resources, local waste materials must also be considered, the
reuse of which is a sustainable operation [24, 25].

Such analyses allow us to identify a list of usable materials/components according
to a hierarchy ranging from the most sustainable to the least sustainable, including in
the assessment the occurrence in a local geographic surroundings of production system
processing and the use of local materials.

For the identification of the territorial end-of-life context, the characteristics to which
the territory must respond must be defined in order to favor sustainable end-of-life
scenarios. In the intervention on the built environment and, therefore, in a predetermined
location throughout the life cycle of the building organism, it is necessary to identify the
reconditioning, recycling and disposal centers present and verify whether, with respect
to the resources we have identified as a database for the project, there are productive
possibilities (even potential ones) for re-introduction into the market at the end of life.
Goingback to the example alreadydescribed, if there is a timber structural use component
processing industry in the territory, I will have to check whether there is also a non-
structural use building component processing industry in the same territory that can use
as raw material structural components that no longer have sufficient characteristics to
fulfill their primary function (think of wood decay). For example, it will be possible to
check whether the chipboard wood processing industry is present. A compatibility check
between the list of resources related to “early life” and the list of resources related to
“end of life” will reduce the number of resources to those with a structured life course in
the territory at both stages. In the case of predictive difficulty of the end-of-life context,
it is possible to direct the choice toward materials/components derived from simple
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production processes, which can be re-injected into the environment without the need
for processing according to a Cradle to Cradle-like approach (such as unfired earth or
hemp lime building systems) [24–26].

Otherwise, in the case of operating in constrained or emergent contexts on virgin soil,
the possibility of using the building organism in different places during its life cycle is
considered in the project. Therefore, the identification of the end-of-life spatial context
is carried out methodologically in a similar way to what has already been illustrated
in the case of intervention in the built environment, but from a temporal point of view
it is carried out at the end of life, after the identification of the building’s construction
system. The place where the building organism will “die” will be chosen according to
the peculiarities of the building system, identifying what are the characteristics of the
territory such as to ensure the sustainability of this phase.

2.2 Identification of the Requirements of the Building Organism

The second phase ensures compliance with the temporariness of the intervention, con-
sistency with the constraints and values of the pre-existence, and compliance with the
performance dictated by the destination and time of use. It consists, therefore, in defin-
ing the requirements to which the building organism must respond. Proper requirement
of temporariness is reversibility. In the case of intervention in the built environment,
the system of connection between the intervening and pre-existing building organism
and that of the building system must be reversible. In the case of intervention in virgin
soil, reversibility of the ground connection is essential. The reversibility of the building
system is not directly functional to the temporariness of the intervention-as temporary
is also a building organism that can be moved without being disassembled-but it is
functional to the sustainability of the intervention by allowing the end of life of each
material/component to be released according to its residual performance and durability
[27]. Flexibility (constructive, use and dimensional) [28, 29] alsowhile not a prerequisite
for temporariness becomes a functional requirement for meeting changing needs over
the time of use of the building. When intervening in the built environment the size of
the space is static, but the way in which it is used varies, which becomes dynamic; when
intervening on virgin soil and in a variable context flexibility can be expressed in the
possibility of varying the size of the space and the possibility of varying the stratigraphy
of the building system in order to achieve performance consistent with the climate of
the specific place.

The context in which one operates, whether it is a pre-existing building on which
one intervenes or an area constrained by historical, landscape or urban planning value
(as is the case in emergency situations), defines limits in terms of constraints and values,
the identification and analysis of which makes it possible to identify the requirements to
which the temporary building organism must respond. The identification of use (com-
patible and appropriate in the case of pre-existing and functional in the case of natural
context) provides dimensional indications (minimum spaces, served spaces and ser-
vant spaces) [19–30]. Time of use, on the other hand, provides information regarding
performance related to environmental comfort [11–31].



Method for the Design of Local Temporary Buildings 59

2.3 Design the Local Temporary Building Organism

The third phase is associated with the design phase, identifies the “how” we can realize
the building organism from both a dimensional and technological point of view, and
ensures that the building organism is temporary and locally related. The building sys-
tem should be designed from the locally compatible materials/components (identified
in the first phase) and the dimensional and performance requirements of the building
(identified in the second phase). Into this moves the creative space of the designer, who
has the option of using existing building systems or designing new building systems,
enhancing local resources. The assessment of spatial compatibility is not only about
material/technological aspects, but also about quantity, i.e., one has to assess whether a
given resource has the technical characteristics to be used and whether it is present in a
sufficient quantity to feed a production process at a local scale. The most complex part to
manage are the facilities. In the project, strategically, the plant part can be concentrated
in a functional block. This frees the vertical and horizontal closures of the building from
the conditioning of the systems, simplifying the construction process both during assem-
bly and disassembly. In the case of intervention on the building, the installations of the
temporary building must relate to the installations of the pre-existence. Differently in the
case of intervention in a constrained natural context or temporary use of an area having a
different urban vocation, the installations must be made off-grid in order to facilitate the
restoration of the situation prior to the construction of the temporary building body. The
use of facilities that take advantage of clean energy sources increases the sustainability
of the intervention.

3 Analysis

The described methodology is verified in its phases through a case study: the design of a
temporary building organism aimed at the redevelopment of a pre-existing building and
for use in constrained or emergency contexts in the territory of L’Aquila (Italy).

3.1 Analysis of the Territory of L’aquila

The territory taken as a reference covers a radius of 50 km from the city of L’Aquila (Italy)
[32]. The analysis of the productive sector produced the following results. The productive
sectors in the territory of L’Aquila involve: building materials (15.9%), recovery and
preparation for recycling (12.6%), chemicals and pharmaceuticals (10.9%), electronics
and electrical equipment (10%), food and beverages (9.2%), manufacturing industries
(7.8%), rubber and plastics (7.6%), ceramics and glass (7.3%), paper, papermaking and
polygraphs (6.9%), metallurgy and metal products (6.4%), and followed by the other
sectors with negligible percentages [33]. Except for the food sector and the building
materials sector, no supply chains are found whose entire production process from raw
material extraction to end-of-life is linked to the local area. In particular, the procurement
of raw materials does not occur at a local scale. The building materials sector is tied to
the territory exclusively for the extraction of aggregates and clays, a mining process that
has a high environmental impact as it involves nonrenewable resources. Conversely, the



60 S. De Gregorio and P. De Berardinis

wood supply chain, a renewable resource, processes raw materials from abroad due to
the absence in the territory of controlled supply chains for logging (see Fig. 2).

Analysis of traditional building systems shows the use of wood for making floors and
roofs, and analysis of the territory confirms that potentially the current forest resources
would be sufficient in quality and quantity for the creation of an entirely local supply
chain [34]. Moreover, the food sector is strongly linked to sheep farming for both meat
and milk production, the wool of which, parallel to what happened in Sardinia (see
Sect. 2.1) is to date a waste product of the food industry. Given the know-how and
quantitative availability of wool, it would be possible to trigger a new supply chain for
building insulation.

The L’Aquila area also is a producer of straw, used in animal husbandry, which has
such quality and quantity that it could also be used in construction to make insulated
shells.

The series of earthquakes that struck Abruzzo, particularly the area of L’Aquila in
April 2006, caused significant damage to buildings.To secure themduring the reconstruc-
tion process, temporary systemsmade of steel andwood, such as shoring, tie rods, hoops,
tubes-clamps systems, multidirectional systems, and systems in wood, were employed.
However, the dismantling of these safety systems, after the restoration of the box-like
behaviour of the buildings, generates a large amount of waste with no defined end-of-life
scenarios, posing economic, environmental, and logistical challenges to the community.
Selective demolitions have also resulted, mostly when working on historic buildings, in
waste materials that can be reused such as roof tiles, solid and hollow bricks, and stones
[35].

The supply of materials needed for reconstruction also produces another element
of waste, relevant for quantity: the pallet. Nevertheless, these waste materials could
potentially be transformed into resources, as they still possess residual performance
with high potential for reuse. By implementing a new cycle of life for these materials, it
is possible to reduce end-of-life burdens, fully utilize their embodied energy, lessen the
environmental impact of production, and generate closed cycles of matter that mirror
those found in nature.

3.2 Defining the Requirements of Local Temporariness

The territory of L’Aquila has a Mediterranean climate, considering the average values
of the last 10 years, winter minimum temperatures (December–January) average 2.3 °C
and summer maximum temperatures (July–August) average 21.6 °C. Precipitation is
about 700 mm per year, with the least rainy month being July and the wettest month
being November.

From an orographic point of view, the territory of L’Aquila stretches in a valley
between the Ocre and Velino Mountains to the south and the Gran Sasso Massif to
the north, a feature that produces a form of thermal inversion in winter, due to which
temperatures fall below 0 °C at night. Similarly, in summer the humidity level is low
and there is a temperature difference of 8 °C on average between day and night.

The prevailing wind direction in winter is from the southeast and northwest, and in
summer it is from the southwest [36]. Therefore, the design of the temporary building
body should ensure environmental comfort. In the design of the intervention on the
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Fig. 2. Analysis of the territory of L’Aquila: productive sectors, forest availability, materials from
agriculture and animal husbandry (straw and sheep wool) and materials from selective demolition
and reconstruction sites (wood and steel beams, scaffolding, bricks, pallets).

built-up area, the orientation of the temporary module is dictated by the location of the
pre-existence, otherwise in the case of intervention on virgin land, the orientation of
the temporary organism can be variable compatibly with the uses of the various rooms,
therefore the optimal orientation of the same is designed at the design stage. In built
intervention, the orientation is a constraint dictated by the pre-existence, in virgin soil
intervention it is a constraint defined by the designer with the positioning of the use
spaces.

The designed temporary module has a high degree of flexibility that allows its vari-
ation in intended use, dimensional variation (as a multiple of a basic macro-module),
and variation of the construction system in order to both achieve the comfort required
by the specific intended use and interface with the pre-existence. In addition, the flex-
ibility allows the load-bearing structure and systems of the pre-existence to be related
to the load-bearing structure and systems of the temporary module. The intervention on
the built environment concerns a densification of the built environment of a residential
building located in the earthquake-damaged historic center of L’Aquila.

The earthquake caused the roof to collapse with the loss of a residential unit. The
temporary module, therefore, can rest on the underlying uninjured slab, configuring
itself as an addition at the top of the building, such as to restore the dwelling damaged by
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the earthquake. The pre-existing building consists of a load-bearing masonry structure.
Therefore, the size of the macro-module should be such that it rests on the load-bearing
masonry of the pre-existing building, or alternatively, it will be necessary to provide
an intermediate load-spreading structure such that the temporary module can bear on
the load-bearing part of the pre-existing building. The integrated building system will
have to be reversible and flexible. The ease of construction will have to be calibrated for
implementation by skilled workers, as it is necessary to carry out interventions on the
pre-existence while working at height.

The temporary module for constrained or emergency contexts, will have to relate to
variable ground. A fundamental requirement is therefore the adaptability of the ground
attachment by means of reversible point anchors capable of placing the module horizon-
tal to the ground, which may have variable slopes. A further requirement is the ability
to assemble/disassemble the module easily and quickly. Indeed, the assembly time must
be consistent with the time of use, which in a constrained or emergency context is a sea-
sonal time at most. The ease of construction also allows the possibility of using workers
who are not necessarily specialists, also helping to reduce the assembly/disassembly
time and the cost of the intervention. The reversibility of even partial construction sys-
tem allows reducing the number of transports while moving the module. Flexibility
allows the building organism to be modified according to the varying dimensional or
performance requirements that depend on the intended use and geographical (and con-
sequently climatic) variation. The territory of L’Aquila is in fact, very heterogeneous,
and for example the same building organism could be used as a mountain shelter in
the constrained context of the National Park, as an infopoint in an urban context or as
emergency housing.

The plant engineering system of the temporary module for constrained/emergency
contexts should be designed off-grid, otherwise in case of intervention on the built
environment it has to interface with the systems of the pre-existence. Therefore, it will
be convenient to concentrate the facilities and services (bathroom/kitchen block) in one
block and are planned sustainable plant systems (rainwater recovery, photovoltaic panels,
solar thermal panels).

4 Results

Among the resources identified in the first phase (see Sect. 3.1), waste materials from
selective demolition of post-seismic reconstruction were chosen. In particular, the pallet
and materials from the dismantling of the securing systems (wooden beams, steel IPEs,
and steel scaffoldings consisting in pipes and joints).

The horizontal and vertical closures are made by means of EPAL pallets, and the
load-bearing structure is made in the case of intervention on the built-up area with a
wooden beam-and-pillar structure and in the case of intervention on virgin soil with in
steel pipe-and-joint system. This difference arises from the difference in requirements
highlighted in the second phase. In fact, the wooden beam-and-pillar system allows
interfacing with the pre-existing load-bearing structure, and the pipe-and-joint system
facilitates and speeds up construction operations in the case of intervention on virgin
soil, not requiring specialized workers. In both projects the system is reversible and
flexible, and the plant blocks are pre-assembled.
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The design of the building temporary organism presents a high degree of flexibility
of use and size, through the possibility of making modules with different functions
and dimensions starting from a repeatable basic module, and constructive, through the
possibility of varying the number of layers consistentlywith the place of use and intended
use. The pallet becomes the element that dictates themodularity of the system and allows
for dimensional and performance variation. The repetition of macro-modules based on
the unity of the pallet allows the creation of spaces of different sizes (see Fig. 3).

Fig. 3. Modularity of the system based on standard pallet size

Indeed, by leveraging the constructive, geometric, and dimensional configuration of
the pallet, the load-bearing structure and technical installations can be housed within
its hollow areas. Combining two pallets enables the use of the second layer’s cavity for
thermal insulation. The layers of the vertical and horizontal closures can be mixed and
matched to achieve specific performance criteria and adapt to the variability of available
materials (which can be reused) (see Fig. 4). Based on this fundamental setup, it’s
possible to design various vertical and horizontal closures, depending on the materials,
environmental comfort needs, worker specialization (and available installation time),
and the building’s projected lifespan. Different vertical and horizontal closures can be
designed based on the basic configuration, taking into account factors such as available
materials, environmental comfort requirements, worker specialization, time available
for mounting, and building usage.
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Fig. 4. Construction flexibility of the system. Thermal analysis of two different types of vertical
closures.

The construction system allows rapid assembly/disassembly of the building. Only
reversible connections such as bolting and nailing were used in order to allow assembly
to take place even by unskilled labor. Horizontal and vertical closures are assembled
on site in order to allow not only the use of local materials but also the reuse of waste
materials. The supporting structure is integrated into the pallet cavities, so assembly steps
proceed from the bottom up by simultaneously assembling the supporting structure and
closures. Therefore, for the construction of a temporary module, it is necessary to follow
the following steps (see Fig. 5):

1. construction of the lower horizontal closure
2. realization of the outer layer of the walls
3. realization of upper horizontal closure
4. insertion in the pallets of sheep wool insulation
5. screwing the insulated pallets on the yet mounted pallets in the internal side in the

following order: walls, lower horizontal closures and upper horizontal closures
6. screwing the wooden planks in correspondence of the longitudinal openings of the

pallets
7. assembly of the installations and assembly of the finishes (windows, doors, pavement,

etc.) and painting
8. realization of the independent coverage.

The construction of a prototype made it possible to verify constructability. In par-
ticular, it was possible to verify the air and water tightness of the horizontal and vertical
connections and the manoeuvring spaces available for assembly. The pallet, in fact, has
standardized dimensions that impose predetermined spaces for the movement of tools
(such as screwdriver, hammer, etc.). The construction process was designed in order
to allow assembly using the hollow part of the pallet as the handling space. The con-
struction of a prototype also verified that the connections designed both between the
panels and between the panels and the load-bearing structure were adequate for the
weight of the components and had enough durability to allow the module to be assem-
bled/disassembled at least three timeswithout having to replace the connective elements.
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Fig. 5. Construction stages of a housing module (top) and prototype construction stages to test
how vertical and horizontal closures are connected (bottom)
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The prototype made it possible to verify the plant arrangements, showing that it is con-
venient for the purpose of facilitating realization to pre-assemble in the workshop “plant
modules” that can be more easily assembled during the construction phase. The proto-
type also demonstrated the difficulty of achieving water tightness of the top horizontal
closure without adding additional layers over the pallet (such as plastic material panels
or sheathing). Therefore, to simplify the construction process, increase its flexibility, and
ensure a link to the actual locally available resources, the water tightness of the upper
horizontal closure was released from the panels made from the pallets and entrusted to
an additional cover, which can be made from different materials (depending on local
availability) and can achieve varying performance depending on the intended use of
the building body. The roof can also be used for clean energy production through the
installation of solar panels (thermal and photovoltaic) (see Fig. 6).

In the intervention on the built environment, the temporary module relates to the pre-
existence, and it is therefore necessary to identify the values of the building (historical

Fig. 6. Design of the local building organism. Case study with residential use: plan, and detail of
facilities and insulation of the pallet module.
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and artistic) that constitute its invariant, to identify its formal and spatial aspects and
building type (which will condition the way the temporary module is accessed), and to
analyze the construction equipment in order to identify how to relate the construction
system of the pre-existence to that of the temporary building organism.

The case study involves an unrestricted building located in the earthquake-damaged
historic center of L’Aquila. From a typological point of view, it is a building with a
central stairwell. The decision to place a temporary building organism at the roof top
of the building with a smaller surface area than the underlying floor has two purposes:
the first is to use the building’s stairwell to reach the building organism as well, and the
second is to create an accessible space on the roof. Constructively, the pre-existence is
made of load-bearing masonry, so the temporary organism rests on a steel substructure
(resulting from the reuse of the UPN beams from the shoring) that is functional in off-
loading the weight onto the load-bearing structure of the pre-existence. This substructure
also allows the systems of the pre-existing building to be connected to the temporary
building body, taking advantage of the solar systems on the roof for the benefit of the
entire building (see Fig. 7).

Fig. 7. Intervention of densification of the built-up area by placing the local temporary building
organism in place of the roof of an existing building. Existing building before intervention (top
left), densification intervention with the temporary module (bottom left and right).

When intervening in emergency or constrained contexts, the temporary-neo building
organism has no size limits precisely because of its temporary nature. The only constraint
is that it it must not irreversibly damage the soil. Therefore, the project involves the use of
foundations on propeller driven piles and the presence of off-grid facilities such that self-
sufficiency is guaranteed for a specified number of days. Therefore, the project involves
the presence of a larger installations space than the intervention on the pre-existing (see
Fig. 8).



68 S. De Gregorio and P. De Berardinis

Fig. 8. Render of temporary building organism with residential use used in a constrained context.

5 Discussion and Conclusions

“Local temporariness” seems an antithetical and paradoxical concept, otherwise it rep-
resents a response to the two major challenges we are facing: liquid society and its con-
tinuous and rapid change and the need to safeguard the environment, which is severely
compromised by anthropogenic action.

Local temporariness is thus the sustainable declination of liquid architecture, capable
of following the dynamism of man but in a sustainable way, in which the anthropic space
does not stand in contrast to the environment, but, on the contrary, becomes a tool for
the enhancement of local excellence, transforming itself into an economic and cultural
driver. The building is compared to the living organism with its own metabolism, which
is born, grows and dies. The local project imposes the planning of the place of the
“birth” and “death” of the building, in order, jointly with the requirements that by nature
characterize temporariness, to ensure the sustainability of the life cycle of the building
process.

The illustratedmethodology, verified through a case study in the territory ofL’Aquila,
defines through three phases (analysis of local potentialities, identification of require-
ments, design phase), how to design and implement local temporariness, both when
the building organism interfaces with pre-existing buildings and when it interfaces with
virgin soil, in a constrained or emergency context.

Future research developments may involve the verification of the method through a
significant number of case studies located in diverse spatial contexts, also verifying the
environmental comfort of the temporary building organism especially when it intervenes
on the pre-existence. A further field of research development is the creation of harvest
maps useful for facilitating the phase of identifying local resources (the first phase of
the method) and consequently enhancing the relationship between the territory and the
building organism.

The project of local temporary buildings is the result of analyses that start from
the territory allowing its promotion and sustainable development (in terms of resource
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enhancement, development of a sustainable industry and specialization of local operators
on products of excellence and identity) and at the same time the environmental and
economic cost of the building intervention is reduced. A benefit, therefore, for both
the community and the individual, in a scalar and cyclical process guaranteeing that
sustainable development can involve environmental, economic and social aspects.
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Abstract. To ensure the normal service of the bridge, it is necessary to detect
and evaluate the health status of the bridge structure. This work provides a novel
framework for damage detection in trusses bridges through analyzing of displace-
ment sensors datasets and plotting the frequency maps of bridge system transfer
function (TF). First, the bridge finite elementmodel under random load is analysis,
and the cumulative damages are considered and introduced to bridge model. The
datasets of the sensors installed in bridge are compiled in both static and transient
types. Finally, the bridge structure TF is determined by applying the principles
of open loop control system on bridge structure and then plotting the frequency
maps. The results show that the system becomes unstable in frequency maps when
damage evolves in bridge structure.

Keywords: Bridges Structure Systems · Damage Detection · Displacement ·
Open Loop System · Transfer Function · Frequency Analysis

1 Introduction

In recent years, the construction of bridge structures has developed rapidly, and the health
monitoring of bridge structures has become a research hotspot at home and abroad. Rea-
sonable configuration of sensors is the premise to ensure the quality of bridge structure
health monitoring, and it is very important to obtain accurate and real-time information
on the health status of bridge structures and realize the monitoring and evaluation of
bridge structures [1–12].

Bridges have been under the heavy pressure of vehicles for many years, and the
judgment of whether it is "healthy" is mainly based on manual inspections. It is difficult
to achieve real-time, continuous and uninterrupted monitoring, and the efficiency is
low and there are visual blind spots. Nowadays, more and more traffic managers use
intelligent and digital means to automatically capture various structural safety-related
data such as environmental temperature and humidity, expansion joint displacement, etc.
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through the bridge and tunnel structural health monitoring system, identify and record
the development of existing diseases in real time, Discover new diseases and report to the
police, assist in decision-making and judgment, reduce maintenance costs, and improve
monitoring efficiency and quality [13–25].

The bridge structure of the time-frequency domain characteristics is detected, but
the number of frequency domain features in the original time is large, which adversely
affects the efficiency of the health state detection of the bridge structure. In the process
of the health state of the bridge structure, the selection of the detection algorithm is also
very important [10–12].

A frequency response function (FRF) of the system using a signal of conventional
valve closing is proposed to study the different faults effects, the viscoelasticity, and
friction of pipe wall on that function and then compare it with corresponding influences
the time domain [26]. The appropriately of FRF in transient mode method for complex
pipelines leakage detection is investigated [27]. A FRF method that require measuring
pressure and fluctuations of discharge at single location was used to detect the possibility
of leaks in real piping systems carrying various types of fluids [28]. The simplification
method of FRF system’s analytically based approach was performed to determine the
key blocking parameters that controlling on the frequency shift. It was shown that the
of blockage severity follows that the increases of frequency shift magnitude related
to wave propagation, and impedance of the pipe coefficients such as pipe diameter,
thickness and/or wave velocity [29].

This paper discusses a new strategy of damage detection of bridges structure in static
and transient sensing methods using displacement sensors, the displacement as system
inputs and outputs of TF system is proposed, and the “open loop” bridge system is
applied. As far as the author knows, no work has been done on new damage indicators
based on “systems control theory” for bridge structures. By applying static and dynamic
load to the displacement sensor distributed on bridge, damage area of the bridge.

2 Bridge Modeling

2.1 Bridge Description

Figure 1 shows a graphical representation of the truss bridge. The bridge is a combi-
nation of I-shaped, U-shaped, box-shaped and other cross-sections. The bridge’s height
is 4.25 m, its total length is 33.5 m, and its wide is 5.5 m. The truss high is 4.4 m.
The average daily traffic is about 19066 vehicles northbound and 231748 southbound.
The random excitation (−300–300 kN) is shown in Fig. 2, The corresponding elastic
modulus value was, E = 210GPa, and the Shear modulus value was G = 10.64 GPa,
Poisson coefficient was υ QUOTE ν3 ν3 = 0.3, and the density was 7, 860 kg/m3.
Various sensors were installed on the trusses and longitudinal deck of bridge as shown
in Fig. 3 the sensors positions in red boxes. An appropriate finite element is selected,
i.e. the LINK1 element is used to model the structural behavior with material model EX
210000.

Figure 4 shows the acceleration responses of random excitation measured from the
various sensors installed on the trusses and longitudinal deck of bridge.
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Changes in acceleration response due to damage effect on structural. Therefore, the
response of the acceleration in time-history is sensitive to structural damage and can be
considered as a damage indicator.

Fig. 1. General View of truss bridge.
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Fig. 2. Random Excitation.

Fig. 3. Finite Element Bridge Modeling.
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Fig. 4. The acceleration of random excitation.
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Table 1. Structural frequency.

Frequency Order D0 (Hz) D1 (Hz)

1st order (Lateral Bending) 233.55 232.85

2nd order (Vertical Bending) 315.62 312.67

3rd order (shear) 824.38 822.90

Figure 5 shows the energy variations strength or shows at which frequencies varia-
tions are strong and at which frequencies variations are weak. Any changes in the PSD
can be used as indicator of damage. Also, it can be used to reduce the effect of noise
in the signal and also can be used to trace the damage through the curvature of the
power spectrum energy. If tracking the ridge though time-frequency energy distribution
and show any change due to damage. The energy variations strength or shows at which
frequencies variations are strong and at which frequencies variations are weak. Any
changes in the PSD can be used as indicator of damage. Also, it can be used to reduce
the effect of noise in the signal and also can be used to trace the damage through the
curvature of the power spectrum energy.

Table 1 lists all the values of frequency orders for different damage case (D0 & D1).

3 Results and Dissections

3.1 Acceleration Responses Analysis in the Frequency Domain

Accounting for modeling uncertainty, typical fitting curve (Mean) of acceleration select
change response (Eq. 2) for output description of the structure system field excitation
by random input, where the Cubic, Quadratic, Linear, and Constant terms of the fitting
equation are 0.0287, −0.0016, 0.0063, 0.0005, respectively.

X (t) = 0.0287t3 − 0.0016t2 + 0.0063t + 0.0005 (1)

The differential equation can represent herein:

a0x
(n)
o (t) + a1x

(n−1)
o (t) + · · · + an−1x

(1)
o (t) + anxo(t)

= b0x
(m)
i (t) + b1x

(m−1)
i (t) + · · · + bm−1x

(1)
i (t) + bmxi(t), n

≥ m

(2)

where xo is the system output, xi is the system input.

G(s) = Xo(s)

Xi(s)
= b0sm + b1sm−1 + · · · + bm−1s + bm

a0sn + a1sn−1 + · · · + an−1s + an
(3)

System input can be expressed as:

Xi(s) = 2232π

s2 + 35642π2 (4)
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Fig. 5. The Power spectral density.
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(a) Pole-Zero Map

(b) Nyquist Map
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Fig. 6. The frequency domain analysis methods for steel truss bridge.
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(c) Bode Map

(d) Nichols Map

Fig. 6. (continued)

System output can be expressed as:

Xo(s) = 213

854s4
− 1

2232s3
(5)

SystemTF can be expressed as follows according to the presented damage case (D1).

G1(s) =
(
s2 + 35642π2

)
(854s − 11160)

2.5E9πs4
(6)
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3.2 Bridge System Analysis in Frequency Domain

The bridge system subjected to different conditions of damage features when excited by
a random signal input. Let us regard it as a "control system" with an input excitation and
an output measurement sensors. When considering the system as an open loop control
system, this means that no feedback from output to the system, the main control on the
system is from input only. The frequency domain analysis methods (Zero-Pole, Nyquist,
Bode,Nichols) are applied tomeasure the dynamic response characteristics of the system
regarding damage using Simulink software.

The Zero-Pole Point Map analysis for the presented damage case is plotted in
Fig. 6(a). For the presented damage we can see that the Zero point of system TF
(0.4) moves towards zero when the damage range increases. The Nyquist map anal-
ysis for the presented damage case is plotted in Fig. 6(b). As shown in the Figure, for
the presented damage we can see the variation of the endpoint trajectory of the vector
G(jω) = A(ω)ejϕ(ω) (Where shows A(ωi) appears the vector magnitude G(jωi) when
the frequency equals ωi, and The case of polar coordinates is ϕ(ω)) when frequency
ω changes from 0 → ∞. The Nyquist diagram shows in the non-overlapped part the
system frequency of G is −11.4. The system frequency decreases as the damage range
increases. TheBodemap analysis for the presented damage case is plotted in Fig. 6(c). As
shown in the Figure, for the presented damage we can see the frequency of the excitation
signal is 100π. In detail, when damage occurs the absolute value of magnitude increases
over 153 dB, and the corresponding phase changes more than 180°. The Nichols map
for the presented damage case is plotted in Fig. 6(d). As shown in the Figure, for the
presented damage phase reaches about −180, accordingly G change at the inflection
point with Gain −10 at the frequency is 100π.

4 Conclusions

This paper established a FEM of steel truss bridge damage system from the traffic effect,
by extracting the measurements of sensors and loaded with random signal. Results show
that the signal magnitude will suddenly and sensitively change when the damage starts.
The bridge system TF and the frequency domain are established and applied to reflect
damage evolution through plotting the zero-pole points map, Nyquist Map, Bode Map,
andNicholsMap.Themostmotivating conclusion in thiswork is that, instead of using the
vibration signals of the responses of the structural system, the variation of the frequency
is used to observe the time and displacement characteristics variation of the system due
to structural damage.
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Abstract. The main goal of this paper is improving bridges structures health
detection results to solve the problems of large errors of detection and poor effi-
ciency of detection in the traditionalmodels of detection.A bridge structural health
monitoring (SHM) model based on data classification technique is designed by
using the k-Nearest Neighbor (k-NN) algorithm. First, the sensor network is used
to collect the health status data of the bridge structure, and the kernel principal
component analysis is used to process the sensor datasets to remove the redundant
features and reduce the classification feature scale. Second, adopt on the k-NN
algorithm, the learning of the sensor datasets, and the optimum parameters of the
bridge structure health state (SHS) to establish the optimal bridge SHS detection
model. The optimum parameters of classification model are determined by the
genetic optimization algorithm (GOA). Finally, the bridge SHM model is ana-
lyzed by using the most significant indexes of testing for its effectiveness and
superiority. The results show that the proposed model has a classification results
of the bridge SHS with higher precision, lower modeling time. The overall perfor-
mance of proposed classification model is significantly better than exists methods,
and the current method performance are recorded 97.4%, 93.7%, and 91.3%, for
accuracy rate, recall rate, and F-score respectively. This indicates that the current
SHM model provides an effective tool for bridge structure health research.

Keywords: k-Nearest Neighbor · Structural Health Monitoring · Data
Classification ·Machine Learning · Genetic Optimization Algorithm

1 Introduction

Due to the accelerated operating speed of the vehicle, the large number of vehicle load-
bearing, and the invasion of the medium, it has brought a certain damage to the bridge
structure. To ensure the normal service of the bridge, it is necessary to detect and evaluate
the health status of the bridge structure [1–3]. In response to the test of bridge SHS,
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domestic and foreign scholars and experts conducted a series of studies. Due to the
SHS detection of bridge structure, it is a mode of identification [4–6]. First of all, we
must extract the characteristics of the health state of the bridge structure, such as the
displacement of the bridge structure and the speed of the bridge structure, etc., can
describe the corresponding health status of the bridge structure, but there are insufficient
[7–9]. The bridge structure of the time-frequency domain characteristics is detected, but
the number of frequency domain features in the original time is large, which adversely
affects the efficiency of the SHS detection of the bridge structure. In the process of the
health state of the bridge structure, the selection of the detection algorithm is also very
important [10–12]. At present, the main use of neural networks to model the health
state of the bridge structure, and the neural network is a learning algorithm based on
minimizing experience risk. State training samplesmake the cost of the health state of the
bridge structure high [13–19]. k-NN is a classification algorithm based on minimizing
structural risk. There is no large sample condition limit for the sample requirements of
bridge SHS. The classification ability is also better than the neural network. It provides
a new construction for the health state of the bridge structure model method [20–25].

In order to obtain better bridge SHS classification results, there are problems such as
large classification errors and poor efficiency such as the health state classificationmodel
of the current bridge structure, and a bridge structure health state classification model
(k-NN) based on data classification technology is designed. Test the effectiveness and
superiority of the present bridge SHS model is analyzed by using the most significant
indexes.

2 Bridge Structure Health State Classification Model Based
on K-NN Algorithm

2.1 A K-Nearest Neighbor (K-NN) Algorithm

k-NN is one of machine learning algorithms in supervised types for regression and
classification application. It is using the training data for processing, and testing data for
classifying according to the distance metric. It finds the k-NNs of the test data and then
classifies based on the majority class label. It is always a challenge for data scientists to
choose the optimal value of k to achieve the maximum accuracy of the model. Figure 1
presents the k-NN algorithm principal in classification [26, 27].

Calculating DistanceMetrics. The active hyperparameter in k-NN is a distance metric
that measure the space from the feature value to new test inputs. Euclidean method is
usually use to measure that distance between training data values and test samples. We
measure the distance of the points along the straight line from point (x1, y1) to point
(x2, y2) [27].

Euclidean Destance =
√
√
√
√

n
∑

i=1

(xi − yi)2 (1)
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Fig. 1. A k-NN algorithm principal.

K Value Selection. The k value represents the count of nearest neighbors. We have to
calculate the distance between labeled training and test points. The processes for distance
metric updating are expensive every epoch computationally. As shown in Fig. 2, Two
classes in the Figure A and B, by proceeding with k = 3 and k = 7, we can predict that
the test input data follow class B and A respectively. This is how you can see the value
of k to have a strong impact on k-NN performance [27].

Figure 3 illustrates largely how the decision boundary (indicated by the dashed line) is
influenced by smaller or larger values of k. Smaller values allow more complex decision
boundaries to be fitted more carefully to the training data. The issue is that we don’t
know if the straight border or the curved border better represents the real implicating
concept to be learned. [26, 27].

2.2 Bridge Description

The case study here is a truss bridge type shown in the Fig. 4. The bridge is constructed
of I-shape, U-shape, and box sections with dimensions and material properties listed
in Table 1. The bridge is loaded by random excitation (−300–300 kN) is shown in
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Fig. 2. Choose a k value.

Fig. 3. Different between large k and smaller k in classification accuracy.

Fig. 5. An appropriate finite element is selected, i.e. the LINK1 element with material
model EX 210000. Several accelerometers sensors in various positions on the trusses
and longitudinal deck of bridge are installed as shown in Fig. 6, the red boxes indicates
the sensors positions.

Table 1. The Main properties of Bridge.

Bridge properties Value

Height 4.25 m

Total length 33.5 m

Wide 5.5 m

Truss high 4.4 m

Elastic modulus (E) 210 GPa

Shear modulus (G) 10.64 GPa

Poisson coefficient (υ) 0.3

Density 7,860 kg/m3
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Fig. 4. Truss bridge General View.

Fig. 5. Random Excitation.

Fig. 6. Finite Element Modeling of Truss Bridge.

3 Results and Dissections

3.1 The Sensor Network Collection Bridge SHS Data

The responses of the distributed sensors installed on the trusses and longitudinal deck
of bridge is presented in Fig. 7. As shown in the Figure the structural damage is leads
to change of the acceleration responses. So, the time history acceleration responses are
sensitive to structural damage and can be used as a damage indicator.
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3.2 Steps of Health Status of Bridge Structure Based on Data Classification
Technology

The work frame of the bridge SHS based on data classification technology is shown in
Fig. 8.

The main steps of this work frame are presented as follows:

(1). The sensor network collection bridge SHS vibration signal, and noise processing of
the vibration signal of the original bridge SHS, eliminating some useless signals.

(2). Extract the statistical characteristics of the time domain of the bridge structure from
the health state signal of the bridge structure. Due to the difference in the statistical
characteristics of the time domain of the bridge structure, the range of the value
range is very different.

(3). Because there is a certain correlation between the statistical characteristics of the
time domain of the bridge, that is, there are some characteristic redundancy infor-
mation, the analysis of the main element of the kernel function is used to analyze
the health status characteristics of the bridge structure, and select the most effective
bridge SHS of classification characteristics.

(4). The health status characteristics of the bridge structure as the input of the k-NN
algorithm, the health state of the bridge structure as the output of the k-NN algo-
rithm, and the relationship between the health state and characteristics of the bridge
structure by supporting the principal in classification of the k-NN algorithm (see
Sect. 2.1). The genetic optimization algorithm (GOA) is used to determine the k
parameter of the k-NN algorithm, and the bridge SHS detection model is estab-
lished, the flowchart of GOA to choose for selecting the optimum k is shown in
Fig. 9.

(5). Test the sample of the health state of the bridge structure to analyze the performance
of the healthy state detection model based on the data-based classification structure.

3.3 K-NN Data Classification Technology

As the aiming of this work, the response of acceleration sensor will be used as the input
for health state classification of the bridge. After select the optimum value of parameter
k. The sensor dataset is normalized by min-max normalization and z-score as following
[26, 27]:

Min−Max normalization(X ) = (X −min(X ))

(max(X ) −min(X ))
(2)

z−score standardization(X ) = (X − main (X ))

StdDev (X )
(3)

The distance metric is very important for accurate classification due to when features
pair is input, k-NN will use the Euclidean distance to search for the nearest k pairs of
features on the same scale, we can measure the distance from Eq. (1). Table 2 presents
the k-NN intrinsic parameters of the present research [26, 27].
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Fig. 7. The acceleration responses of sensors due to random excitation.

Fig. 8. The Work frame of bridge structure health condition detection model based on data
classification.

3.4 Accuracy and Reliability Evaluation of Suggested Algorithm

To evaluate the suggested algorithm of health status of bridge structure, we computed the
most significant indexes of performance measures for k-NN output of data classification
sets Including the true-positive rate (TPR), true-negative rate (TNR), false-positive rate
(FPR), and false-negative rate (FNR) [14, 17]. The performance indicators of suggested
algorithm of health status of bridge structure can be found by calculating the accuracy
rate (P%), regression rate (R%), and F-score (F%) from the following equations:

P% ,= NTPR

NTPR + NFPR
(4)
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Fig. 9. Flowchart of GOA to choose for selecting the optimum k.

R% = NTPR

NTPR + NFNR
(5)

F% = 2NTPR

2NTPR + NFNR + NFPR
(6)

Used a convolutional Neural Network (CNN), Supper Vector Machine (SVM), and
K-NN for training the samples of the health state of the bridge structure, then establish
the corresponding bridge SHS classificationmodel, and then test the sample of the health
state of the bridge structure to assess the present bridge SHS. Table 3 Comparing and
analyzing the test results of the bridge structure fromwhere classification time, accuracy
rate, regression rate, and F-score.

In general, for all indexes (P%, R%, F%, and Classification time), using CNN over
the input datasets achieves lower average accuracy than SVM configuration, present
approach k-NN achieve better results than the SVM and CNN. As a general conclusion,
the proposed approach k-NN consistently outperforms the SVM, and CNN with all
indexes.
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Table 2. k-NN intrinsic parameters.

Parameters Value

Optimum Neighbors
number (k)

73

Optimization method GOA

Distance Euclidean

Bucket size 50

Include ties 0

Distance weight equal

Break ties smallest

Standardize data 1

Type Prediction

min (X) [3.735E−3,8.684E−3]

StdDev (X) [0.656,1.008]

Weight (W ) 106.58E−03

Table 3. Identification Testing Detailed Results.

Indexes AI Method Label

P% SVM
CNN
k-NN

93.11%
90.58%
96.4%

R% SVM
CNN
k-NN

90.74%
89.66%
93.7%

F% SVM
CNN
k-NN

88.21%
86.35%
91.3%

Classification time (s) SVM
CNN
k-NN

29.0
12.0
7.0

4 Conclusions

Bridge SHS detection is an important technology to ensure bridge safety. There is a large
amount of redundant information in the original bridge structure health data, which
affects the bridge efficiency SHS detection. To improve the accuracy of health status
detection, a bridge structure health status detection model based on data classification
technology is designed. Firstly, the sensor network collects the health state data of the
bridge structure, and uses the kernel principal component analysis to process the bridge
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structure health data, removes the bridge structure health data redundancy, reduce the
health scale of bridge structures, and then uses the k-NN algorithm to analyze the bridge
structure, and the genetic optimization algorithm (GOA) is introduced to determine the
bridge SHS detection parameters model, and the optimal bridge SHS detection model
is established. Finally, the efficiency and superiority of the health model of the bridge
structure are tested by comparison between the present bridge SHSdetectionmodel using
k-NNand another two algorithms are a convolutionalNeuralNetwork (CNN) andSupper
VectorMachine (SVM)where from indexes (P%, R%, F%, and Classification time). The
results show that the model in this paper has obtained the detection results of the bridge
SHSwith higher accuracy, bridge structure health modeling time is reduced, bridge SHS
detection efficiency is improved, and overall bridges SHS detection performance is better
than other present bridge structures It is healthy and has certain practical application
value.
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Abstract. Excellent shear performance of Ultra-High Performance Concrete
(UHPC) beam segmental joints is dependent on the shear keys. To investigate
the shear performance of segmental joints, the existing shear capacity prediction
equation were evaluated based on the design of a bridge. Moreover, a refined finite
element model (FEM) of UHPC beam bridge segmental joints was established and
discussed in detail. The obtained results shown that the shear capacity predicted
value of Chen equation is 57% and 18% lower than AASHTO and JSCE codes,
indicating that Chen equation can predict the shear capacity of UHPC joints safely.
By developing a refined model of the segmental joints, the loads it bears in dif-
ferent directions are calculated. Both tensile and compressive stresses are small,
which satisfies the requirements of basic combination loads and ensures the safety
of the structure.

Keywords: Ultra-High Performance Concrete (UHPC) · Shear Keys · Shear
Performance and Capacity · Finite Element Analysis · Predictive Equations

1 Introduction

For segmental bridges, joints are vulnerable structural components that usually require
special attention and treatment – particularly regarding their shear performance and
capacity. In viewof the use of joints in segmental bridges, significant differences between
the two bridges would appear when the ultimate state is reached. Buyukozturk, O, et al.
reported that the integrality of segmental bridges is the main factor affecting its flexural
and shear capacity [3]. Since the early segmental bridges were built with normal concrete
(NC), the early researchmainly focused on the shear capacity and integrity ofNC joints in
segmental bridges. Zhou et al. [6]. Conducted a series of shear-off tests to investigate the
shear capacity ofNC joints.MohsenA. Issa, et al. [7] studied the behavior of single-keyed
joints through amounts of shear-off tests. Balamurugan A. et al. [8] established a finite
element model to investigate the structural behavior of NC keyed dry joints. Currently,
the American Association of State Highway and Transportation Officials (AASHTO)
[2] and the Japan Society of Civil Engineers (JSCE) [5] have different approaches for
predicting the shear capacity of UHPC-RC segmental shear keys [1]. However, there is
a lack of consensus on the most appropriate method to use.
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Based on the above discussion and analysis, this study aims to compare the shear
performance with that of existing equations. In addition, the paper uses finite element
software ABAQUS to analyze the stress distribution and shear capacity of UHPC-RC
shear keys in detail. The results of this studyprovide insights into themechanical behavior
ofUHPC-RCshear keys and contribute to give guide forUHPC-RCcomposite structures.

2 Segmental Joints of UHPC-RC Composite Beam Bridge

The span of UHPC-RC box-shaped segmental girder is arranged as a 1x40m simple
support structural system, which is designed according to Class A prestressed concrete
components. The main beam adopts the prestressed UHPC “U-shaped beam” prefabri-
cated structure, with a cross-section consisting of one piece of UHPC “U-shaped beam”.
The height of the beam is 1.6 m, and the thickness of the web is 16 cm. UHPC “U-beam”
with a span of 40m is divided into three sections, the length of which are 12.975 m, 14 m
and 12.975 m, respectively. The adjacent segments are connected using shear keys, as
shown in Fig. 1.

Fig. 1. Schematic diagram of U-shaped beam shear key with UHPC segment.

3 Shear Resistance Calculation of Segment Joints Based on Codes

Prefabricated segmental assembly of concrete bridges has become a significant direction
in the development of concrete bridges. Pre-stressed steel strands are typically arranged
longitudinally between the concrete segments, without continuous shear reinforcement.
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The shear force between segments is mainly transmitted through shear keys on the com-
pressed joint surface. Therefore, the mechanical behavior and load transfer mechanism
of the shear keys on the joint surfaces are critical issues in the design and construction
of prefabricated segmental assembly concrete bridges.

There have been many studies on the shear resistance of keyways both domestically
and abroad, but few norms provide specific descriptions of them. Currently, the twomost
representative shear resistance prediction norms for keyways are AASHTO and JSCE.
Therefore, based on the AASHTO and JSCE codes, this section calculates the shear
resistance of the UHPC-RC bridge segment joints, and this study also proposes a new
formula for predicting the shear resistance of keyways.

3.1 Shear Capacity Prediction of Segment Joints Based on the AASHTO Codes

According to the AASHTO Guide Specifications for Design and Construction of Seg-
mental Concrete Bridge (1999), the shear bearing capacity of the joint surface includes
two parts: one is the provided by the shear keys, and the other is the frictional force
provided by the concrete in the flat part. The equation for calculating the shear capacity
is as follows,

Vu = Ak

√
fck(0.2048σn + 0.9961) + 0.6Asmσn (1)

where,Ak is the root area of the shear key (mm2),Asm denotes the contact area of concrete
(mm2), f ck is the standard compressive strength of concrete (MPa), which is taken as
135 MPa in this study, σn is the confining stress on the interface, which is calculated
by multiplying the external prestressing force by a reduction factor of 0.8, resulting in a
value of 11.25 MPa.

Shen Yin [4] has pointed out that the uneven distribution of shear stresses in multi-
keyed dry joints can lead to inaccurate calculations of the shear performance of the
joint surface in precast segmental assembled concrete bridges. Neglecting this non-
uniform distribution characteristic may result in overestimated shear capacity calcula-
tion results, posing potential safety risks. Therefore, the shear capacity of section shear
keys calculated based on the American AASHTO specification is prone to bias towards
overestimation (Table 1).

Table 1. Calculation table for shear key based on AASHTO specifications.

Shear key A Shear key B Shear key C

Ak (mm2) 22500 9000 /

Asm (mm2) 15625 3250 /

Vsin (kN) 968.25 367.05 /

Nsk 2 14 /

Vu (kN) 7075.2

Note: where Vsin represents the single bond bearing capacity, Nsk means the number of shear keys
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For this, Shen [4] proposed that when calculating the bearing capacity during the
operation phase, the recommended formula from AASHTO specifications can be used
with modifications, and the equation for calculating the shear capacity after considering
the correction coefficient of uneven shear stress distribution can be expressed as:

Vu = Ak

√
fck
k

(0.2048σn + 0.9961) + 0.6Asmσn (2)

where, k represents the shear key shear resistance calculation correction factor.
After calculation, the correction factor for calculating the shear resistance of the

shear key is determined to be 1.56. The corrected shear resistance capacity of the section
with the shear key is 4721.35 kN, which satisfies the shear resistance requirements of
the section under the basic combination.

3.2 Shear Capacity Prediction of Segment Joints Based on the JSCE Codes

According to the Japanese JSCE (2010) specifications, the shear capacity of a joint
surface consists of two components: firstly, the contribution of the shear key, and sec-
ondly, the contribution of the concrete friction at the contact surface. The formula for
calculating the shear capacity is as follows:

Vcw = 0.1Ak · f ′
cd + μ · f ′b

cd · σ 1−b
nd · Acc (3)

where, Ak represents the root area of the shear key (mm2); Acc represents the shear
area of the compressed zone (mm2); f ′

cd represents the designed compressive strength of
concrete, which is taken as 93.5MPa in this case; σnd represents the average compressive
stress on the interface surface of UHPC-RC beam bridges (MPa), which is calculated
by multiplying the external prestressing force by a reduction factor of 0.8, resulting in
a value of 11.25 MPa; b represents the coefficient of the planar structure (with a value
range of 0–1, and a value of 0.5 if adhesive is used to connect prefabricated components).

The original form of the equation first appeared in the previous version of “Stan-
dard Specifications for Concrete Structures” (JSCE 2010), and was also mentioned in
“Guidelines for Design and Construction of Ultra-High Performance Fiber-Reinforced
Concrete Structures” (JSCE 2004). This equation indicates that the strength of concrete
can not only affect the strength of shear keys, but in some cases, it can also affect the
frictional properties.

It should be noted that the definition of Acc is inconsistent with the definition of
Asm in AASHTO, whereas the meaning of Ak is equivalent to that of Ak in AASHTO.
Additionally, the friction coefficient of 0.45 used in the JSCE formula is 25% smaller
than the value of 0.6 used in AASHTO. Therefore, the calculated results using the JSCE
formula are relatively smaller compared to those obtained using the AASHTO method
(Table 2).

3.3 Shear Capacity Prediction Equation for Segment Joints Based on the Chen
[1]

The equation proposed by Chen [1] is as follows (Table 3):

Vu = α · [√f ′
c · Ak · (1.6 + 0.1σn) + (0.55 − 0.01 · σn) · σn · Asm + τ · Asm] (4)
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Table 2. Calculation table for shear key based on JSCE specifications.

Shear key A Shear key B Shear key C

Ak (mm2) 22500 9000 /

Acc (mm2) 15625 3250 /

Vsin (kN) 577.77 178.50 /

Nsk 2 14 /

Vcw (kN ) 3654.54

Note: where Vsin represents the single bond bearing capacity, Nsk represents the number of shear
keys

α=
{
1 n=1
−0.03711 · n + 0.75518 2 ≤ n ≤ 7

(5)

Table 3. Calculation table for shear key based on formulas proposed in this study.

Shear key A Shear key B Shear key C

Ak (mm2) 22500 9000 /

Asm (mm2) 15625 3250 /

Vsin (kN) 836.10 310.68 /

Nsk 2 14 /

Vu (kN) 3010.86

Note: where Vsin represents the single bond bearing capacity, Nsk represents the number of shear
keys

Table 4 shows that the bearing capacities obtained using the American AASHTO
specifications and the Japanese JSCE specifications are 7075.2 kN and 3654.54 kN,
respectively. The values calculated using the modified AASHTO formula and the
proposed formula in this study are 4721.35 kN and 3010.86 kN, respectively.
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Table 4. Summary table for shear resistance calculation of segment joints.

Equations Shear Capacity(kN)

Segmental Joint The formula proposed in this study 3010.86

AASHTO (American standards) 7075.20

Revised AASHTO Formula
(Tongji University)

4721.35

JSCE (Japanese standards) 3654.54

Shear Resistance Section (Integral
Beam)

AFGC (French standards) 3011.04

JSCE (Japanese code) 4072.93

“Code for Application of
Ultra-High Performance Concrete
in Highway Bridges and Culverts”
(Draft for Comments)

4126.94

The formula proposed in this study calculates a value of 3010.86 kN, which is close
to the French standard value of 3011.04 kN for the shear resistance verification section
of the entire bridge. The French standard is considered to be more conservative in shear
design standards. Given that the calculated value of the proposed formula in this study
is smaller than the values calculated by the formulas in the American and Japanese
standards, it is suggested to include the proposed formula in this study in the reference
range.

4 Refined Analysis of segmental joints in UHPC-RC Composite
Beam Bridge

A refined model of a UHPC-RC composite beam bridge segment was established using
ABAQUS finite element software. The purpose of the model is to verify the safety
of the shear key at the spliced joint of the U-shaped beam segment under basic load
combinations. The mesh at the segment beam joint is using 3D reduced integration
elements (C3D8R)with a size of 15mm×15mm×15mm.The stress-strain relationship
of UHPC is modelled in consistent with that in the study of Chen et al. [1], as shown in
Fig. 2. The peak compressive stresses of UHPC is taken as 133 MPa, whereas the peak
tensile stresses are 7.5 MPa (Fig. 3).

Based on Fig. 4, it can be seen that under the basic combination, themaximum tensile
stress of the shear key’s concave and convex surfaces is 7 MPa, which precisely reaches
the design value of the tensile strength of UHPC material. Meanwhile, the maximum
compressive stress on the contact surface is 78.12 MPa, which is less than the design
value of the compressive strength of UHPC material, 93.5 MPa. Therefore, it can be
concluded that under the basic combination, the shear key at the segment joint can meet
the load requirements.
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Fig. 2. Stress-strain relationships of UHPC.

Fig. 3. U-shaped beam shear groove diagram.
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Fig. 4. Results of FEM (unit: MPa): (a) Maximum principal stress of joints, (b) Maximum
principal stress of male-key, (c) Maximum principal stress of female-key.
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5 Conclusions

In this study, the predicted shear capacities equations various national standards, includ-
ing the AASHTO specification and the JSCE codes, are compared. Additionally, the
modified formulas proposed byother scholars are analyzed. Furthermore, a refinedmodel
of the UHPC-RC segmental joints is established using finite element analysis software
ABAQUS to analyze the key mechanical properties of the structure. In summary, the
following conclusions are drawn:

(1) The shear capacity predicted value of Chen equation is 57% and 18% lower than
AASHTO and JSCE codes, indicating that Chen equation can predict the shear
capacity of UHPC joints safely.

(2) By developing a refined model of the segmental joints, the loads it bears in different
directions are calculated. Both tensile and compressive stresses are small, which
satisfies the requirements of basic combination loads and ensures the safety of the
structure.
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Abstract. In this paper, a new type of precast cantilever composite foundation
structure for mountainous highway is studied, and the influence of temperature
rise on the stress of the structure is analyzed. Under the load of temperature rise,
the stress state of the PCCS structure is significantly improved, and its value is
greater than the stress of the structure under static load. The temperature load
mainly has great influence on the stress state of the connecting steel bar and bolt,
but has little influence on the concrete members. The stress state of the connected
steel bar and bolt under the global temperature rising case has little difference with
that under the local temperature rising case, while the stress state of the concrete
members under the global temperature rising case is greater than that under the
local temperature rising case.

Keywords: PCCS · Global Temperature Rising · Local Temperature Rising

1 Introduction

Cantilevering subgrade structure forms an embankment with wall-pillar retaining wall
within the range of stable subgrade, and makes up the under width of the road with the
cantilevering structure. The stable subgrade is used to minimize the post-construction
settlement, and the artificial foundation excavation avoids the disturbance of surrounding
soil to the maximum extent. In the subgrade engineering, it can protect the ecological
environment, excavate and fill small, cost low, and construction is simple, which is
suitable for different terrain and geological conditions [1]. Although this method has
greatly improved the performance of the structure, as a mass concrete structure, its
mechanical response under temperature load can not be ignored.

Hou [2] et al. artificially studied the time-varying temperature effect in hydration
reaction process of mass concrete, taking Tianinggou Bridge, the second highest pier
in Asia in the loess region, as the research object, and analyzed the time-varying tem-
perature effect of hydration heat of mass concrete cap. The influences of concrete entry
temperature, thermal conductivity and surface convection coefficient on the adiabatic
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temperature rise, surface temperature rise and inner surface temperature difference of
mass concrete cap are analyzed. Yan [3] et al. set another concrete strength test block
with the same mix ratio under the condition of same insulation at the side of a large vol-
ume concrete slab, and experimentally studied the development law of concrete strength
with time under different insulation measures and the influence of insulation curing time
on concrete strength. Based on the test results, the thermal insulation and maintenance
scheme of large volume concrete suitable for the severe cold area represented by Harbin
is determined, and the relevant construction suggestions are put forward. He [4] et al.,
considering the large volume and high hydration heat of the concrete on the pylon cap, led
to large temperature difference between the internal temperature and the inner surface,
which easily resulted in temperature cracks and other conditions, conducted numerical
simulation on different pouring schemes of the concrete on the pylon cap of Rongjiang
Bridge, analyzed the influences of pouring thickness, cooling water and cooling water
temperature on the temperature and stress of the concrete, so as to select appropriate
pouring and temperature control schemes. The field measured data is compared with
the calculated data. The research results have a certain reference value for the pouring
and temperature control of mass concrete for tower bearing. The thawing and freezing
of seasonal permafrost due to temperature fluctuations can cause safety hazards to the
stability of roadbeds. He [5] et al. conducted on-sitemonitoring of temperature andwater
content on typical roadbed sections in the Naqu-Yangbajain segment. They performed
regression analysis utilizing 2020 ground temperature data and analyzed the ground
temperature amplitude, time lag, and soil thermal diffusivity of the monitored section
through indoor experiments. With support from the Kun-Chu Expressway expansion
project, Zhao [6] established a numerical model of asphalt pavement for the expressway
using finite element software. He analyzed the effect of environmental temperature on
asphalt pavement deformation, evaluated the significant factors affecting the deformation
of asphalt pavement under continuous temperature changes using the gray correlation
method, and estimated the permanent deformation of the asphalt pavement.

At present, Zhou [7–9] and his team have conducted a large number of researches
on the application of cantilever structure in China, and the researches on the influence of
temperature effect on concrete structure at home and abroad also tend to be mature and
perfect, but the influence of temperature effect on cantilever structure is rarely reported.
Therefore, this paper takes the PCCS structure of mountain highway as the research
object, analyzes the influence of temperature rise on structural stress, and provides
reference for the application and theoretical design of such structures.

2 Prefabricated Cantilever Composite Subgrade (PCCS) Structure

PCCS structure is composed of column, outer longitudinal beam, cantilevering beam,
lapping plate, inner longitudinal beam, inner longitudinal beam foundation, retaining
plate, retaining plate foundation and anchor rod. The cantilever beam, retaining board,
outer stringer and lapping board are constructedwith prefabricated standard components,
while the column, inner stringer, inner stringer foundation and retaining board foundation
are constructedwith on-site pouring.The inner side of the beam is placedon the excavated
subgrade, and the outer side is suspended on the outer side of the column. The inner
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(a) Main elevation

(b) Left elevation

Fig. 1. Layout of prefabricated cantilever composite subgrade.
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(c) Top elevation

Fig. 1. (continued)

longitudinal beam is arranged longitudinally at the end of the cantilever beam along the
route and connected with the cantilever beam by cast-in-place; The outer longitudinal
beam is arranged in the beam position at the top of the column, and the retaining plate
is arranged between the columns above the ground. In order to ensure the safety and
stability of the whole structure, the anchor rod embedded in the rock layer is set at the
end of the beam. The PCCS structure is shown in Fig. 1. And the Prefabricated cantilever
composite subgrade structure is shown in Fig. 2.

3 Detailed Nonlinear Solid Finite Element Model Establishment

In this paper,ABAQUS is used to establish a refinedfinite elementmodel of prefabricated
cantilever composite subgrade structure. A total of 15 solid units including cantilever
beam, outer longitudinal beam, inner longitudinal beam, inner longitudinal beam foun-
dation, retaining wall, retaining wall foundation, column, foam concrete and soil were
established. The bolt and reinforcement were simulated by truss unit. C3D8R eight-node
linear hexahedron element was used to simulate the solid element, and T3D2 two-node
linear three-dimensional truss element was used to simulate the truss element.

The model mainly adopts HPB300 steel bar, HRB400 steel bar, soil mass, foamed
concrete, C50 concrete and C30 concrete. The steel bar adopts the double broken line
constitutive model, the concrete adopts the plastic damage model, and the foamed con-
crete adopts the ideal elastic material model considering the calculation efficiency and
the actual situation.
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Fig. 2. Prefabricated cantilever composite subgrade structure.

The detailed finite element model of prefabricated cantilever composite subgrade
structure is shown in Fig. 3.

(a) Soil structure (b) Concrete structure

(c) Finite element model (d) Mesh diagram

Fig. 3. Detailed nonlinear solid finite element model of PCCS.
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This paper mainly discusses the influence of temperature rise on the structure of
PCCS. The temperature rise of the structure is 25°. The stress of columns, beams, con-
necting rods and bolts in PCCS structure before and after temperature rise is analyzed to
obtain the influence of temperature rise load on PCCSmembers. The global temperature
rise is the overall temperature rise of the structure by 25°, and the local temperature
rise is the temperature rise of the components except the retaining plate, retaining plate
foundation and column by 25°.

4 Results Analysis

The stress states of column, beam, connecting steel bar and anchor rod in PCCS structure
under various working cases are shown as follows.

4.1 Global Temperature Rising Case

(a) Before rising (b) After rising

Fig. 4. Stress state of column (Pa).

(a) Before rising (b) After rising

Fig. 5. Stress state of cantilever beam (Pa).

A comparative analysis of Figs. 4, 5, 6 and 7. Shows that the global temperature rise
has an impact on the stress state of the column, beam, connecting steel bar and bolt. The
maximum tensile stress and compressive stress of the column before temperature rise are
0.148MPa and 0.987MPa, while the maximum tensile stress and compressive stress of
the column after temperature rise are 0.518MPa and 7.575MPa, and the ratios between
the two groups are 3.50 and 7.67, respectively. The maximum tensile stress and com-
pressive stress of cantilever beam are 1.333MPa and 1.626MPa before temperature rise.
After temperature rise, the maximum tensile stress and compressive stress of cantilever
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(a) Before rising (b) After rising

Fig. 6. Stress state of connecting bars (Pa).

(a) Before rising (b) After rising

Fig. 7. Stress state of bolt (Pa).

beam are 2.058MPa and 5.631MPa, and the ratios between the two are 1.22 and 2.74,
respectively. The maximum stress of the connected steel bar before temperature rise
is 6.994MPa, and that of the connected steel bar after temperature rise is 38.440MPa,
and the ratio between after temperature rise and before temperature rise is 5.50. The
maximum stress of bolt is 0.078MPa before temperature rise, and 9.397MPa after tem-
perature rise, and the ratio between after temperature rise and before temperature rise is
120.00. The research shows that the global temperature rise has a great influence on the
stress of PCCS structure, and it is necessary to keep it in a safe state under the influence
of temperature when designing the structure.

4.2 Local Temperature Rising Case

A comparative analysis of Fig. 8, 9, 10 and 11. Shows that the local temperature rise has
an impact on the stress state of the column, beam, connecting steel bar and bolt. The
maximum tensile stress and compressive stress of the column before temperature rise are
0.148MPa and 0.987MPa, while the maximum tensile stress and compressive stress of
the column after temperature rise are 0.186MPa and 1.610MPa, and the ratios between
the two groups are 1.25 and 1.63, respectively. The maximum tensile stress and com-
pressive stress of cantilever beam are 1.333MPa and 1.626MPa before temperature rise.
After temperature rise, the maximum tensile stress and compressive stress of cantilever
beam are 0.465MPa and 3.332MPa, and the ratios between the two are 0.35 and 2.05,
respectively. The maximum stress of the connected steel bar before temperature rise is
6.994MPa, and that of the connected steel bar after temperature rise is 37.280MPa, and
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(a) Before rising (b) After rising

Fig. 8. Stress state of column (Pa).

(a) Before rising (b) After rising

Fig. 9. Stress state of cantilever beam (Pa).

(a) Before rising (b) After rising

Fig. 10. Stress state of connecting bars (Pa).

the ratio between after temperature rise and before temperature rise is 3.33. The maxi-
mum stress of bolt is 0.078MPa before temperature rise, and 9.266MPa after temperature
rise, and the ratio between after temperature rise and before temperature rise is 118.79.
The research shows that the local temperature rise has a great influence on the stress of
the PCCS structure, and it is necessary to keep it in a safe state under the influence of
temperature when designing the structure.
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(a) Before rising (b) After rising

Fig. 11. Stress state of bolt (Pa).

According to the global temperature rise case and local temperature rise case, the
temperature load mainly has the greatest influence on the stress state of the connected
steel bar and bolt. This is because when the temperature rises, the structure is heated and
expanded, and the connecting steel bars and bolts play their own design performance,
restricting the deformation of the structure. Therefore, the stress state of the connecting
steel bars and bolts increases.

For concrete members, the influence of global temperature rise is greater than that
of local temperature rise. This is because the global temperature rise takes into account
the temperature rise of the structure under seasonal changes, while the local temperature
rise only considers the temperature rise of the structure under sunshine changes, and the
two have different ranges of action on the concrete area. The larger the temperature load
range is, the greater the influence on the structure, and the smaller the temperature load
range is, the smaller the influence on the structure is.

5 Conclusions

Based on ABAQUS, a fine finite element model of precast cantilever composite founda-
tion structure in mountainous highway is established, and the influence of temperature
rise on structural stress is studied. The main conclusions are as follows:

(1) The overall temperature rise and local temperature rise have a great influence on the
stress of the precast cantilever composite foundation structure. Under the action of
temperature load, the stress state of PCCS structure is significantly improved, and
its value is greater than that of the structure under static load.

(2) The temperature load mainly has great influence on the stress state of the connecting
steel bar and bolt, but has little influence on the concrete member. The stress state
of the connected steel bar and bolt under the global temperature rise case has little
difference with that under the local temperature rise case, while the stress state of the
concrete member under the global temperature rise case has a big difference with
that under the local temperature rise case. The stress state of concrete member under
the global temperature rise condition is greater than that under the local temperature
rise case.
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Abstract. In order to solve the grouting problem of tunnel lining vault cavity
and local uncompacting, based on the project example of Qing-shiling tunnel and
Yin-dongxia tunnel of Baoping Expressway, combined with the existing tunnel
vault grouting construction technology, a construction method of embedded pipe
grouting for tunnel lining vault is proposed, and the key construction technology
and the best parameter index of pipe grouting are given. The engineering practice
proves that the grouting method has good construction effect and can provide
technical reference for similar tunnel lining defect treatment construction.

Keywords: Tunnel Engineering · Vault Cavity · Embedded Heel Tube · Timely
Grouting · Key Technology

1 Introduction

In recent years, with the rapid development of highway construction in our country,
more and more tunnels built in mountainous areas, due to the construction technology
of tunnel lining concrete, the cavity and uncompacted cement layer on the outside of
the vault are common, it is also the key to affect the construction quality of the tunnel
lining. Therefore, it is necessary to backfill the voids and non-dense areas with cement
slurry, and the traditional grouting process is difficult to deal with in place at one time,
and the effect is not good. Experts and scholars have done a lot of research on grouting
construction of lining vault. Chengming Gong et al. [1] studied the process of timely
grouting with forms of railway tunnel lining trolley vault; Zheli An et al. [2] studied
the complete set technologies for mold grouting for the secondary lining vault of new
railway tunnels; Bo Min et al. [3] studied the influence of cavity behind the vault of
asymmetric arch tunnel on the damage law of lining structure; Dongming Li [4] studied
and proposed a construction method of tunnel lining vault grouting with forms; Yongjie
Fan et al. [5] studied the treatment technology of the long cavity behind the vault lining
of the operating railway tunnel, and proposed three reinforcement technologies, such as
foam concrete block plus grouting filling, PE-sphere plus grouting filling and PVC pipe
plus grouting filling; Fuhai Li et al. [6] studied the experimental study on the influence
of tunnel secondary lining cavity-belt mold grouting on the stress of lining structure,
and verified the safety of application of independently developed cement-based filling
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materials; Wenjun Liu [7] studied the cause analysis and remediation measures of the
secondary lining vault caving in the hard rock tunnel. Although some achievements have
been made in the study of vault cavity, there is no content that grouting can be done in
time without drilling or without reforming the lining trolley.

Based on the lining grouting construction cases of Qing shiling Tunnel and Yin
dongxia tunnel of the ninth contract of Baoping high-speed Project, this paper proposes
a kind of timely embedded pipe grouting technology for tunnel lining vault, which
overcomes the shortage of existing technology and provides an effective solution to the
problems of cavity and local uncompacting in tunnel secondary lining vault.

2 Project Overview

Shanxi Baoji-Pingkan expressway is continuously connected by 9 tunnels, the bridge-
tunnel ratio is 98.6%, forming the Qinling Mountain tunnel group. The starting point of
Baoping Expressway LJ-9 contract section is K147 + 780, the end is K152 + 409, and
the total length is 4.6 km. The right line of Qing-shiling Tunnel is 3,619 m, and the left
line is 3,499 m. The right line of Yin-dongxia Tunnel is 816 m, and the left line is 793
m. The surrounding rock of the tunnel is 60 cm for Grade V, 45 cm for Grade IV and
35 cm for Grade III. The quality of the secondary lining of the two tunnels is the key
control project in construction, there are different degrees of holes and incompacts in
the pouring construction of the tunnel lining.

3 Overall Construction Scheme

3.1 Comparison and Selection of Grouting Scheme

At present, the main grouting methods of tunnel lining are borehole grouting and mold
grouting, the most common method is borehole grouting, and mold grouting is a kind
of grouting method by modifying lining trolley and installing flange and vertical pipe.
Through investigation, it is found that the existing lining groutingmethod has not reached
the ideal treatment effect. In order to better deal with the grouting of the vault cavity, the
project refers to the construction technology of the pipe drilling [8–10], and proposes a
method of the embedded pipe grouting in the tunnel lining vault. The comparison and
selection of the three grouting methods are shown in Table 1.

After comparison and selection, the pipe grouting has a significant effect advantage
over the other two method, and the third method is finally adopted for construction.

3.2 Technology Principle of Pipe Grouting

No.1. During the construction of the tunnel secondary lining, the longitudinal grouting
pipe and exhaust pipe should be embedded close to the waterproof plate in the center
of the vault, and a diameter of 4 mm holes should be drilled every 20 cm on the pipe
wall, and the holes should be temporarily sealed with PE plastic wrap and adhesive
tape. The vertical grouting and exhaust pipe are buried near the high point of the tunnel
longitudinal slope, and the pipe body is not perforated. PVC elbow is connected with
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Table 1. Comparison of grouting methods.

Construction method Advantages Disadvantages

Borehole grouting Relatively simple operation No.1 Construction requires a
separate trolley or platform
No.2 Low construction efficiency
and poor effect
No.3 Drilling holes can easily
puncture the waterproof layer

Mold groutin No.1 Working face is simple,
construction difficulty is small
No.2 Lining trolley is available for
grouting

No.1 Lining trolley needs to be
modified
No.2 Trolley needs periodic
maintenance
No.3 There are local small cavities
requiring secondary treatment

Pipe grouting No.1 Small amount of material,
low cost input
No.2 Grouting reinforcement in
time, good compactness
No.3 High efficiency, small
construction difficulty

Construction requires a separate
trolley or platform

the longitudinal embedded pipe, the upper end is against the waterproof plate, and the
lower end is blocked against the roof surface of the secondary lining trolley.

No.2. In the final setting of the secondary lining concrete, the secondary lining con-
crete cavity is grouted through the longitudinal grouting pipe, and improve the integrity
of secondary lining concrete and serous fluid, and repair a variety of concrete defects,
effectively prevent thewaterproof plate of the vault perforating and falling off, and ensure
the construction quality of the secondary lining.

4 Tunnel Lining Vault Embedded Pipe Grouting Construction

4.1 Construction Process of Pipe Grouting

Pipe grouting construction of tunnel vault mainly consists of two parts: embedding
construction of vault grouting pipe and grouting construction. The prerequisite of pipe
grouting construction is that the secondary lining concrete should be poured completely,
and it is not allowed to use late grouting instead of lining concrete construction. The
main process of pipe grouting construction (see Fig. 1).

4.2 Construction Process of Pipe Grouting

Embedded Installation Construction
Grouting Pipe andExhaust Pipe Processing.The grouting pipe, exhaust pipe, elbow con-
nection and end sealing plug shall be processed by the specified manufacturer according



Construction Technology of Tunnel Lining 115

Fig. 1. Construction process of pipe grouting construction.

to the design requirements and the secondary lining pouring length. The length of lon-
gitudinal grouting and exhaust pipe should be greater than the pouring length of the
secondary lining, and the length of vertical grouting and exhaust pipe should be greater
than the thickness of the secondary lining, and sufficient working length should be
reserved. Both longitudinal and vertical pipes are PVC pipes with Diameter 25 mm and
thickness 1.5 mm, and three 4 mm grouting holes are drilled every 20 cm in the position
of 90°, 180° and 270° on the wall of the longitudinal grouting pipe, and two 4 mm
exhaust holes are drilled every 20 cm in the position of 45° and 315° on the wall of the
longitudinal exhaust pipe. The outer wall of the longitudinal pipe is wrapped with two
layers of PE wrap, and then seal it with adhesive tape, and the sealing position should
be in the area without holes (see Fig. 2). Encapsulation sealing should ensure that the
concrete grout will not flow into the grouting pipe when the secondary lining is poured,
and the PE film can be pressurized to break through at the reserved orifice during the
later grouting to ensure the grout and air circulation. Vertical grouting and exhaust pipe
body need not open holes.

Three-Way and Vertical Pipe Connection When the vertical grouting pipe and exhaust
pipe are embedded, the upper part is connected with the longitudinal embedded pipe
by PVC elbow, the upper end is close to the waterproof plate in the middle line of the
secondary lining vault to be poured, the lower end is blocked against the roof surface
of the secondary trolley, and the vertical grouting pipe and exhaust pipe are embedded
in the high side of the tunnel longitudinal slope. In order to ensure that the embedded
pipe does not deviate, it can be fixed firmly by means of secondary lining reinforcement
and positioning bars, and positioning marks can be made on the poured secondary lining
concrete.

Embedded Construction. Tunnel vault longitudinal grouting pipe is embedded before
the binding of secondary lining reinforcement after the completion of hanging and qual-
ified relaxation test of geotextile and waterproof plate. When embedded, the hole of
discharge slurry should be buried downward, and the exhaust hole should be buried
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25mm

Enclosed area

Enclosed area

4mm

4mm

90°

25mm

Fig. 2. Schematic diagram of grouting pipe and exhaust pipe processing.

upward. The exhaust pipe is buried at the highest point of the vault, and the grouting
pipe is 2 cm away from it and slightly lower than the exhaust pipe (see Fig. 3). Elbows,
plugs and tees should be connected by hot melt on site, and the quality of connection
should be controlled.

Embedded Pipe Fixation. In order to ensure the position and alignment of the longitudi-
nal embedded pipe, a longitudinal positioning steel bar can be added to bind and fix the
two pipes, at the same time, it is connected and fixed with the secondary lining steel bar
to ensure the accurate positioning of the longitudinal grouting pipe and exhaust pipe (see
Fig. 4). After the construction of the tunnel secondary lining is completed, the radar wave
detection is made in time to determine the existence of cavity or uncompacted situation
behind the secondary lining concrete, and if there is a cavity or local uncompacting, the
embedded pipe is used for grouting.

Grouting Construction.
Simple Grouting Mold and Grouting Material Selection. Considering that the process of
pipe grouting is consistent with that of mold grouting, the project made a simple grouting
mold to study the parameters and indexes of pipe grouting (see Fig. 5).

The selection of grouting material mainly refers to the requirements of water plug-
ging and reinforcement of lining cavity. In order to overcome the defects of traditional
grouting material, the cement-based grouting material with certain micro-expansibility
is selected as grouting material for pipe grouping, and early strength cement slurry
is a kind of cement-based slurry. As the grouting material of secondary lining con-
crete, it also needs to meet the requirements of strength, setting time, consistence, den-
sity, expansion amount and other indicators. Through continuous testing with grouting
mold, the optimum water cement ratio is determined to be between 1:1.6 and 1:1.7, and
slurry weight ratio is cement: admixture: water reducing agent: expansion agent: sand=
1:1.31:0.012:0.08:2.43. Among them, the admixture is highly active fly ash, the water
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(a) Cross section

(b) elevation

Grouting pipe

Exhaust pipe

Shotcrete first branch
Geotextile

EVA\ECB waterproof plate
Secondary moulding reinforced
concrete lining

Secondary lining
has been poured

Embedded vertical grouting
and exhaust pipe Embedded longitudinal

grouting and exhaust pipe
Secondary lining
to be poured

Fig. 3. Schematic diagram of grouting pipe and exhaust pipe buried.

Fig. 4. Photo of embedded pipe fixation in tunnel vault.

reducing agent is PCA-I type polyhydroxyacid water reducer, and the expansion agent
is HME-III low alkali type concrete expansion agent. PE film is verified by experiment
that the bearing pressure is less than 0.15 Mpa. The early strength cement slurry can be
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Fig. 5. Tunnel lining grouting simple mold.

mixed with water to form a high fluidity micro-expanded cement slurry, and it has the
advantages of fast preparation, low operation difficulty and reliable quality assurance.

HollowGroutingConstruction. Through the joint operation of the groutingmachine and
the mixer, the cement slurry should be continuously mixed, strictly control the amount
of material, to ensure the quality of the cement slurry. After the cement slurry is prepared
and mixed evenly, the grouting pipe of the grouting machine is connected to the grouting
valve of the grouting pipe reserved in the vault, and the stop valve of the exhaust pipe
is installed. The pressure gauge is installed on the stop valve, the exhaust stop valve is
closed, after the preparationwork is completed, the cement slurry is pressed into grouting
pipe through the high pressure. The grouting pressure in the early stage is controlled at
about 0.2 MPa to ensure that the cement slurry can break through the PE plastic film
wrapped in the hole of the grouting pipe and flow into the hole. With the increase of
pressure in the cavity, through the longitudinal slope of the pipe body and the principle
of hydraulic emptying, the air breaks through the PE film wrapped in the hole of the
exhaust pipe and enters the exhaust pipe, and then the cement slurry can be processed
synchronouslywith all the holes in the layout range of the pipe. The pipe grouting process
can also be used for multi-plate joint grouting by connecting the external suspension
end with the next segment grouting pipe and exhaust pipe. Considering the grouting
efficiency, equipment and pressure, it is recommended that the length of synchronous
grouting be no more than 30 m.

The key of grouting construction is the control of grouting pressure. During the
grouting process, the pressure gauge on the stop valve of exhaust pipe should be moni-
tored in real time. When the pressure reaches 0.15MPa, the stop valve should be opened
and the air in the pipe should be discharged. As the grouting time lengthens, 0.1 MPa
grouting pressure should be increased every 2 h, but the maximum pressure should not
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exceed 0.4 MPa. When the cement slurry in the stop valve continues to flow out and no
air is discharged, the stop valve is closed to stabilize the pressure, and then the grouting
construction of the hollow part is completed (see Fig. 6).

Secondary lining to be poured

Void

Exhaust pipe Grouting pipe
Waterproof plate

Serous fluid

Fig. 6. Schematic diagram of tunnel vault grouting construction.

5 Grouting Effect and Benefit Analysis

5.1 Grouting Effect Detection

After the tunnel secondary lining pipe grouting is completed, ultrasonic radar scanning
of the whole section of the secondary lining can be carried out at a selected time. For
vault area with special section, surveying lines can be added from one surveying line to
three surveying lines to cover all vault areas. After completion of detection, line analysis
should be carried out in time, and the location of suspected cavity problem should be
marked. Retest or drilling method is adopted to verify (see Fig. 7). The test results of
this project after pipe grouting meet the quality acceptance standards, and the grouting
effect is good.

5.2 Benefit Analysis

No.1. Prescription aspect. Compared with the traditional grouting method, the pipe
grouting has less damage to thewaterproof plate and secondary lining, and the number of
reserved holes is less.Moreover, through the collection and analysis of construction data,
the one-time success rate of treating the secondary lining cavity with the pipe grouting
method is 97.6%, avoiding the secondary or multiple treatment caused by inadequate
treatment of the same part, and greatly improving the construction efficiency.

No.2. Cost aspect. Compared with the traditional grouting process, the pipe grouting
is simple to operate and has lower requirements for construction personnel. Pipeline
processing, embedding and the secondary lining construction are carried out simulta-
neously, saving time and labor, will not destroy the waterproof system, and reduce the
construction cost of the secondary lining cavity treatment, as shown in Table 2.
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Fig. 7. Radar scan of tunnel vault.

Table 2. Comparative benefit analysis.

Selected items Pipe grouting Ordinary grouting

Speed 0.08 m3/min 0.05 m3/min

Cost PVC plus PE plastic wrap =
1,000 yuan

Drilling plus anchoring
grouting valve = 1,500 yuan

Safety Good safety pre-control effect Safety pre-control effect is
general

Quality The grouting effect is very
remarkable

Grouting effect is general, there
is not dense

Principle Pre-embedded grouting pipe The average cost under the
same conditions is 6,000 yuan

Comprehensive economic
index

The average cost under the
same conditions is 4,000 yuan

The average cost under the
same conditions is 6,000 yuan

Amount saved Compared to ordinary grouting, the cost savings of pipe grouting
are about 199000 yuan

6 Conclusion

In the tunnel lining construction of Baoping expressway LJ-9 contract section, the con-
struction method of tunnel vault embedded pipe grouting is adopted, and the cavity
grouting is carried out in time. The Qing-shiling Tunnel was completed on August 23,
2019, the Yin-dongxia Tunnel on December 5, 2019, and the tunnel was completed and
opened to traffic on September 30, 2021. The effect of the lining cavity treatment by this
technology is good, which not only guarantees the quality of the tunnel lining, but also
meets the requirements of the main tunnel construction, and reduces the cost input, at
the same time, it has been praised by the owners. The valuable experience accumulated
in construction can provide reference for similar construction projects.



Construction Technology of Tunnel Lining 121

Acknowledgments. This research reported in this paper was partially supported by enterprise
class subject about “Study on construction technology of tunnel lining vault embedded pipe
grouting” (No. KT2019-03).

References

1. Gong, C.M., Zhu, X.B., She, H.L.: Timely grouting with forms at the crown of a railway
tunnel via a lining trolley. Modern Tunnelling Technology 54(01), 180–185 (2017)

2. An, Z.L., Ma, W.B., Guo, X.X., Zhou, W.H., Wang, Y.: Complete set of technologies for
immediately grouting into crown void with formwork after secondary lining concrete pour
for new railway tunnels. Railway Engineering 57(11), 48–52 (2017)

3. Min, B., Zhang, C.P., Zhang, X., Gong, Y.P., Yuan, T.F.: Failure laws of asymmetrical
double-arch tunnels under effects of voids behind vault. J. Centr. South Univ. (Science and
Technology) 50(07), 1686–1695 (2019)

4. Li, D.M.: Tunnel lining construction technology of vault grouting with formwork. Journal of
Changchun University 30(08), 5–8+14 (2020)

5. Fan, Y.J., et al.: Remediation technology for the long segment and large-scale cavity behind
vault linings of an operating railway tunnel. Railway Standard Design 64(11), 116–121+135
(2020)

6. Li, F.H., Li, R., Jiang, Y.L., Gao, H., Wang, Y.B., Wang, P.X.: Experimental study on the
mechanical behaviors of the lining structure affected by grouting in tunnel secondary lining
cavities through molds. Modern Tunnelling Technology 58(05), 147–158 (2021)

7. Liu, W.J.: Causes analysis on the vault void of the second lining of the hard rock tunnel and
research on the treatment measures. Railway Construction Technology 342(09), 134–139
(2021)

8. Guo, X., Wang, Y.C., Chen, J.B., Kang, J.M., Zhong, X.Y.: Application of pipe drilling and
grouting technology in water treatment system of Dongming Open-pit Coal Mine. Opencast
Mining Technology 32(06), 30–33+36 (2017)

9. Liu, J.C.: Drilling and construction of anchor cable technology in fractured mountain area.
Building Technology Development 46(18), 100–101 (2019)

10. Wang,H.B., Zhang,H.Y., Chen,C.H.,Ma,C.: Tunnel pipe shed casing construction technique.
Architecture Technology 51(10), 1182–1183 (2020)



Numerical Study on Performance
of Single-Keyed Dry Joint of Ultra-High
Performance Concrete (UHPC) Under
Combined Shear and Torsion Load

Zening Xu1, Yun Shen1, and Jing Yan2(B)

1 Anhui Transportation Holding Group Co., Ltd., Hefei 230000, China
2 School of Civil Engineering, Hefei University of Technology, Hefei 230009, China

yanjing12321@163.com

Abstract. Under the vehicle load, segment joints are subjected to coupling effects
of bending, shear, and torsion, while for dry joints, they are mainly subjected to
a combination of shear and torsion, making them more prone to failure. In this
study, to investigate the performance of single-keyed dry joint of ultra-high per-
formance concrete (UHPC) under combined shear and torsion load, finite element
model (FEM) was carried out considering the effect of confining pressure. Then
AASHTO code equations was chosen to predict the shear-torsion capacity of
UHPC single-keyed dry joints. The results of FEM indicated that the increase of
confining pressure can effectively improve the shear-torsional load capacity of
the dry joints. Whereas the increase of confining pressure has little effect on the
improvement of stiffness. From the failure mode of specimens, the specimens are
damaged in the root of the shear key when confining pressure is less than 18 MPa.
However, in view of the high confining pressure (when the confining pressure
is greater than 18 MPa), the damaged surface of the specimen changes from the
root of the male key to the feminine key. In addition, the evolution of AASHTO
equation shows that the AASHTO code equations were overestimated the ultimate
capacities of UHPC single-keyed dry joints under shear-torsion load.

Keywords: Precast Bridge · Ultra-High Performance Concrete (UHPC) · Dry
Joint · Finite Element Model (FEM) · Combined Shear and Torsion Load

1 Introduction

With the advancement of bridge industrialization, assembled precast bridges have been
promoted and applied widely. As a new type of bridge, Ultra high performance con-
crete (UHPC) segmental girder bridge is an important study direction to promote the
industrialization of bridges. However, the structural integrity of segmental bridges is the
main issue affecting its flexural and shear performance [1, 2]. In actual bridge operation,
segment joints are subjected to coupling effects of bending, shear, and torsion, while
for dry joints, they are mainly subjected to a combination of shear and torsion, making
them more prone to failure. Therefore, for segmental pieced bridges, joints are fragile
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structural components that require special attention and treatment, especially in terms of
shear resistance and load capacity. In the past decade, a large number of scholars have
conducted test to study UHPC dry joints. The shear strength of segmental joints (espe-
cially dry joints) is mainly provided by shear keys, and the shear key material properties
have a significant effect on enhancing the strength of the key and improving the shear
resistance of the joints. In order to reasonably reflect the effect of shear keys materials on
shear strength, the mechanical properties such as strength were measured in the study,
literatures [8] investigated different specimens f c and shear strength based on the push-
off test. To understand the shear characteristics of UHPC dry joints, Tongxu Liu [3, 4]
found that the multi-tooth bond dry joint reduction coefficient gradually increased with
the increase of lateral pressure under high lateral pressure, and the reduction coefficient
was greater than 1 when the lateral stress reached a certain size and remained basically
constant through direct shear tests of UHPC dry joints. In addition, in order to predict the
shear load capacity of UHPC dry joints accurately, Yuqing Hu [5] of Southeast Univer-
sity proposed a load capacity prediction formula for UHPC large-tooth bond dry joints
considering the effect of steel fiber bridging based on the modified pressure field theory,
and the method was proved to have high prediction accuracy.

From on the above discussion, past research on joints has focused on shear resis-
tance, while little research has been done on the mechanical properties of joints under
shear-torsional coupling. To investigate the performance of single-keyed dry joint under
combined shear and torsion load, a total of 10 specimens were conducted, which took
into account the three influential factors of offset distance, normal stress, width-to-depth
radiate the combined shear and torsion effect on the shear capacity of the single shear
key. And concluded that both the cracking load and ultimate capacity were enhanced
with the confining pressure increased. However, there is limited study on the mechanical
properties of UHPC dry joints under shear-torsional composite action.

Based on the above discussion, to investigate the performance of single-keyed dry
joint of ultra-high performance concrete (UHPC) under combined shear and torsion load,
numerical study was carried out considering effect of confining pressure.

2 Specimen Design

Based on the literature [1], considering the loadmoving space of shear-torsion compound
action, the upper part of the specimen is set 200 mm thick area, and a 200 mm × 200
mm × 200 mm trigonal concrete axil is designed to strengthen the projection area; the
size of the lower part of the specimen is 500 mm× 1, 250 mm× 200mm, and the size of
this part is increased to prevent the whole load process. In order to ensure that the joint
position is destroyed before the non-key area, the specimen is equipped with HRB400
reinforcement, except for two ϕ18 mm bars in the lower part of the specimen, the rest
are ϕ16 mm bars in each group, the specimen size are shown in Figs. 1 and 2. Of note,
load eccentricity is 200 mm in specimens (see Figs. 1 and 2).
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Fig. 1. Structural drawing of specimens [1].

Fig. 2. 3D rendering of specimens.

3 Finite Element Analysis

3.1 Finite Element Model (FEM)

To understand the shear-torsion behavior of UHPC epoxy joint interface, finite element
modeling and analysis were conducted based on the Abaqus platform (2020). 3D finite
element models of the tested specimens were established in Abaqus (see Fig. 3), which
considers the effect of confining pressure, namely, 2 MPa, 6 MPa, 10 MPa, 14 MPa, 18
MPa, 20 MPa, 25 MPa, and 30 MPa.

Using concrete damage plasticity material model (CDP) to simulate the stress-strain
constitutive behavior of UHPC. In detailed, the stress-strain relationship of UHPC is
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modelled in consistent with that in the study of Chen et al. [6], and the detailed infor-
mation are illustrated in Fig. 3 and Eq. 1–3. Of note, the peak compressive and tensile
stresses of UHPC are taken as 133 MPa, 7.0 MPa, respectively.

The C3D8R solid elements are used to present the UHPC part (see Figs. 4 and 5),
while the T3D2 truss elements are chosen to simulate the behavior of steel reinforcement.
Fraction model is chosen to simulate the interface between male part and female part in
dry joints, and the fraction fact is 0.65 based on AASHTO codes [7].

For reinforcement,

σs =
{
Esεs (0 ≤ εs ≤ εy)

fy (εy ≤ ε ≤ εu)
(1)

For the compression model of UHPC,

y =
{
ax + (6 − 5a)x5 + (4a − 5)x6 0 ≤ x ≤ 1

x
b(x−1)2+x

x ≥ 1
(2)

y = σ/fc, x = ε/ε0, ε0 = 3500με,

a=E0

Ec

For tension model of UHPC,
⎧⎪⎨
⎪⎩

Ecεt 0 ≤ εt ≤ εt0

ft εt0 < εt ≤ εtp
ft

[1+(εt−εtp)lc/ωp] εtp < εt

(3)

In which, f t = 8Mpa, εtp = 0.002, ωp = 1.0 mm, lc =400 mm, p = 0.95.

3.2 FEM Results

Figure 5 plots the load-displacement curves of finite element model, obviously, the
increase of confining pressure can effectively improve the shear-torsional load capacity
of the dry joints (see Fig. 6). Whereas the increase of confining pressure has little effect
on the improvement of stiffness. Compared with specimen m2 (confining pressure is
2 MPa), the ultimate load of specimens m6, m10 and m14 are increased by 134 kN,
239 kN and 302 kN. Respectively. And more detailed information about ultimate load
is presented in Fig. 7.

The failure mode of specimens is present in Fig. 7, the specimens are damaged in
the root of the shear key when confining pressure is less than 18 MPa. However, in view
of the high confining pressure (when the confining pressure is greater than 18 MPa), the
damaged surface of the specimen changes from the root of the male key to the feminine
key (see Fig. 8f-g). Thus, to enhance the shear-torsion behavior of UHPC dry joints,
reinforcements can be used in structures.
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Fig. 3. The stress-strain relationship of UHPC.

Fig. 4. Model schematic.

Fig. 5. Mesh schematic of FEM.
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(a) m2                                  (b) m6

(c) m10                                  (d) m14

(e) m18                                    (f) m20

(g) m25                         (h) m30

Fig. 8. Failure mode of dry joint specimens



Numerical Study on Performance of Single-Keyed Dry Joint 129

4 Bearing Capacity Prediction of Joints Based on the AASHTO
Code

According to theAASHTOGuideSpecifications forDesignandConstructionof Segmen-
tal Concrete Bridge (1999) [7], the shear bearing capacity of the joint surface includes
two parts: one is the provided by the shear keys, and the other is the frictional force
provided by the concrete in the flat part. The equation for calculating the shear bearing
capacity is as follows,

Vu = Ak

√
fck(0.2048σn + 0.9961) + 0.6Asmσn (4)

In which, Vu is nominal joint shear capacity (N), Ak is the root area of the shear key
(mm2), and Ak = 60000 mm2, f c′ is compressive cylinder strength of concrete (MPa),
which is approximately equal to f ck = 147.7 MPa based on past research [6]. σn is the
compressive stress of concrete (MPa). Asm denotes the contact area of concrete (mm2),
and Asm = 33600 mm2.

In order to investigate the applicability of AASHTO equations to UHPC dry joints
under shear-torsion load, the calculated shear capacities of specimens were compared
with the FEM results, as depicted in Fig. 9.

For UHPC single-keyed dry joints under shear-torsion load, the difference between
predicted value and FEM results was great than 100% in AASHTO equations. Thus,
the calculated ultimate capacities of the joints showed significant discrepancies from
the FEM values. The AASHTO code equations were found to overestimate the ultimate
load of UHPC single-keyed dry joints under shear-torsion load.
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5 Conclusion

Based on the FE results of UHPC single-keyed dry joints under shear-torsion load, the
following conclusions are obtained:

(1) The increase of confining pressure can effectively improve the shear-torsional load
capacity of the dry joints. Whereas the increase of confining pressure has little
effect on the improvement of stiffness. From the failure mode of specimens, the
specimens are damaged in the root of the shear key when confining pressure is less
than 18 MPa. However, in view of the high confining pressure (when the confining
pressure is greater than 18MPa), the damaged surface of the specimen changes from
the root of the male key to the feminine key.

(2) For UHPC single-keyed dry joints under shear-torsion load, the difference between
predicted results and femdatawas great than 100% inAASHTOequations. Thus, the
calculated ultimate capacities of the joints showed significant discrepancies from the
FEM values. The AASHTO code equations were found to overestimate the ultimate
capacities of UHPC single-keyed dry joints under shear-torsion load.
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Abstract. Telecommunications development in Indonesia is growing rapidly, as
it is in other emerging countries. With the expansion of this business, there is a
very tight level of competition among Indonesian cellular operators as well as
in the Tower Provider sector as a provider of supporting infrastructure services.
Furthermore, the demand for infrastructure to support telecommunication systems
has increased dramatically over the last decade, as the need to erect more towers.
As a consequence, these two factors contribute to an increase in the demand for
land to build the new tower. Need a solution to take advantage of the existing site,
particularly the guyed mast tower, so that no new land is required. The novelty
of this paper presents the First Master solution developed by Mitratel, one of
Indonesia’s largest tower providers. This solutionhas beenused in several locations
and proven to use the existing guyed mast tower without turning off the tower
transmission to ensure that the telecoms tower can still function.

Keywords: First Master · Solution · Erection · Tower · Telecom

1 Introduction

Telecommunications is still one of the mainstay businesses, especially in developing
countries. Over the past three decades, the technology, standards, and development of
the Chinese mobile communications industry have gone through a process of introduc-
tion, absorption, digestion, and innovation, and it has already become a leader rather than
a follower and a pursuer [1]. Economic growth in Sub-Saharan Africa has been increas-
ing over the last two decades [2]. Adela reports some compelling and robust findings
which substantiate that ICT has a statistically significant influence on economic growth
inAfrica [3]. As evidenced by the tremendous construction of telecommunications tower
infrastructure. Considering the explosive services demand in cities as a result of popu-
lation increase, the need for more support structures to be installed [4]. Because of the
increasing need for telecom tower construction, developing countries such as Indonesia
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continue to make the telecommunications business a cornerstone. New telecommuni-
cation technologies have flooded into Indonesia, within a highly competitive market
structure. Local firms such as Telkomsel, Indosat, and Mobile-8 (Smartfren), supported
by multinational companies such as Samsung, LG, and Nokia, are now prominent in
the market, offering all kinds of discounts on mobile phones and advertising widely [5].
On the other hand, with the growing need for telecommunications infrastructure, there
is a limited amount of land available for the building of telecommunications towers.
Aside from limited land, there has been an increase in land leasing prices for tower
development; the larger the area required, the higher the rent.

However, as building or land permits become more difficult to obtain, aesthetics
become increasingly important. Nowadays, it is difficult to find new land to build
telecommunications infrastructure, such as towers, so innovation is needed to find new
ways to use the existing land and towers while also adding height and new devices.
Innovation is complex, uncertain, somewhat disorderly, and subject to changes of many
sorts. Innovation is also difficult to measure and demands close coordination of adequate
technical knowledge and excellent market judgment to satisfy economic, technological,
and other types of constraints – all simultaneously [6]. In this case, related to the tele-
coms infrastructure, steel is still a commonly used material for steel lattice towers and
is typically made from tubular or angular profiles. Steel lattice towers are extensively
utilized in the telecommunication industry as supporting structures providing services
such as telephoning, wireless internet, or television [7]. Lattice structures for telecom-
munication purposes are mainly erected in mountainous terrain, where transportation of
the building materials can be extremely challenging and costly [8]. When there is a high
demand for a specific type of structure, the projects become more unique, with different
focus areas from site to site. In addition, because this type of project is now a specialized
market, it becomes harder to find real-world experience in terms of both design and
execution [9]. Aside from lattice towers, which require specific land, a guyed mast can
be used as an alternative solution. Apart from its lightweight, other advantages include
the fact that it does not require a significant size of land, the erection time is quicker,
and the overall costs are more affordable. Guyed masts have been applied within the
field of telecommunications for many years. Previous comparisons of the advantages of
guyed masts over self-supporting towers highlight that positive properties of the guyed
mast include: lower cost with height, less erection time, and cost-effective foundations
[10]. Mitratel, one of Indonesia’s largest tower providers provides the solution, to how
to use the existing guyed mast structure with minimize strengthening to add more anten-
nas and other ancillaries is called First Master. This solution has been used in several
locations and proven to use the existing guyed mast tower without turning off the tower
transmission to ensure that the telecoms tower can still function.

2 Background

Telecommunications development in Indonesia is growing rapidly, as it is in other emerg-
ing countries.With the expansion of this business, there is a very tight level of competition
among Indonesian cellular operators as well as in the Tower Provider sector as a provider
of supporting infrastructure services. Furthermore, the demand for infrastructure to sup-
port telecommunication systems has increased dramatically over the last decade, as the
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need to erect more towers. As a consequence, these two factors contribute to an increase
in the demand for land to build the new tower. Nowadays, it is difficult to find new land
to build telecommunications infrastructure, such as towers, so innovation is needed to
find new ways to use the existing land and towers while also adding height and new
devices. Need a solution to take advantage of the existing site, particularly the guyed
mast tower, so that no new land is required. Mitratel has the largest tower portfolio in
Indonesia spread across strategic locations. Of 35,051 towers, less than 2% or 724 sites
are guyed mast structures. Guyed masts are common structures to support telecommuni-
cation devices used worldwide. They are slender and light structures frequently exposed
to high winds which are determinant loads in their structural design [11]. Guyed masts
are telecom towers that have guy wires, which are tensioned cables used to stabilize
the tower [12]. Guyed masts are extensively used in the telecommunications industry,
and the size, shape, and topology optimization can significantly benefit their transporta-
tion and installation [13]. The analysis and design of masts and towers require specific
knowledge and expertise, particularly concerning guyed masts. Towers are lightweight
structures with high slenderness and high flexibility [11]. This paper presents a solution
regarding the use of existing towers especially guyed masts to support demand from
operators with additional equipment.

3 Methodology

Used of existing guyedmast structure becomes themain object in this study. The concept
of the First Master solution is to keep using the existing guyed mast by modifying by
replacing the guyed wire and covering it with steel angle. The purpose of using this steel
angle is to ensure that the guyed mast structure can still accept force from either the
existing load or an additional load. The guyed mast structure used is 42 m tall, with the
following material list below (Table 1):

Table 1. Material List of Guyed Mast.

Member Material Dimension Unit

Horisontal Roundbar ϕ 19 mm

Bracing Roundbar ϕ 19 and ϕ 16 mm

Leg Pipe 1 inch

Source: Detail Drawing [14].

Furthermore, to obtain the most efficient tonnage from the use of steel angle, an
analysis was performed using the MS Tower version 222 G and this program can be
used for linear and non-linear analysis, static and dynamic analysis of communication
and transmission towers [15–17]. Standard drawing and drawing modification for the
guyed mast is presented below,
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Fig. 1. Existing Guyed Mast. Modification Guyed Mast Fig. 2. Outline Drawing

Figure 1 show the original Guyed Mast modification, the modifications include
removing the guy wire and replacing it with a steel angle, popularly known as Self
Supporting Tower (SST) [18]. Figure 2 shows the material list for Guyed Mast and the
modification or SST. Figure 3 presented a view of the guyed mast including detail of the
connection. Before undertaking a guyed mast modification with SST, make sure the guy
wire is tight [19]. To keep the guy wire, a Helical pile will be installed immediately, this
function as a temporary foundation to attach those guy wire to it [19]. Helical piles are
now widely used in many fields, both onshore and offshore, and have proven to be very
useful and efficient. Large diameter piles at cohesive and cohesionless sites in western
Canada using three-helix were successfully implemented [20]. Helical piles are used
mainly to resist tension forces generated by uplift and overturning moments of various
structures, therefore they have been suggested as a potential alternative to driven piles as
offshore piles because they provide a large uplift capacity due to the anchor effect of the
helix [20]. M. Muthukumar and Sanjay Kumar Shukla also did deep research regarding
the use of Helical piles in expansive soil [21]. Tests were carried out on helical pile
foundations where there were similarities between helical collisions and pile collisions
[22].
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To get a better understanding, will explain how the Helical pile is used to support
this solution.

Fig. 3. Guyed Mast view.

Figures 4 and 5 show the Guyed mast 42 m high view and section which will be
permanently modified into SST 42 m using the existing guyed mast. Figure 6 presented
a strengthening plan using a Helical pile to keep the Guyed mast still standing during
the transformation from Guyed mast to SST.

The general process regarding the First master is already described in the paragraph
above, furthermore, the picture belowwill present all processes or activities starting from
beginning until finish. Starting from the fabrication process, site opening, using Helical
pile, pouring concrete for a new foundation, tower installation, and finally equipment
installation on the existing Guyed mast site without dismantling and shutting down the
power (Fig. 7).
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Fig. 4. Guyed Mast section.
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Fig. 5. Strengthening plan with Helical pile [23, 24]
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Fig. 6. Detail of Helical Pile [23, 24]

Fig. 7. The first Master construction process is on-site [25].

4 Conclusion

The first master staging consists of the following milestones as shown in the Table below
(Table 2):
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Table 2. First master Stages.

First period Second period Third period

Guyed mast Permanenization
planning
Overload and over quota
database for Guyed mast tower

Review and design selection
Approval for design
Tower first master mockup

Tower’s first master fabrication
Delivery to site
Tower implementation

Each of the milestones completed shows that there is a difference in duration/time
between the first master and the standard process. In general, the first master approach is
24 days faster than the conventional method (Built to Suite or B2S). The following figure
shows the time difference between First Master and the typical B2S method (Fig. 8):

Fig. 8. Time Planning Actual First Master vs Standard [25]

Aside from the reduced time duration, the other benefits of the First Master solution
are described in the figure below (Fig. 9).

Fig. 9. First Master Pro Cont [25].

We realize that the first master is not ideally yet; further improvements are required
to ensure that this solution is truly the best answer in terms of implementation method,
cost, and time.
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Abstract. The Tibetan Plateau vortex (TPV) is the main rain-producing system
over the Tibetan Plateau. Once it moves out of the plateau, it can cause heavy
rainfall and even lead to flooding, soil erosion, and other impacts on the ecolog-
ical environment to the east of the plateau, especially in the Yellow River Basin
(YRB). Based on sounding data, ground-based observations and Tibetan plateau
vortex (TPV) and shear line yearbooks from 1998 to 2018, and using synoptic
analysis and statistical analysis methods, the activities and the precipitation of
high-influence Tibetan Plateau vortices (HITPVs) activities and their impact on
the ecological environment in the YRB are analyzed. The results indicate that
the Tibetan Plateau vortices (TPVs) that did not move out of the plateau brought
moderate rain and above to the upper reaches of the YRB in 1998 which are
beneficial to enrich the water resources of the “water tower” of the YRB. Most
of the moving-out TPVs (MTPVs) in 1998 caused moderate rain and above in
the upper-middle reaches of the YRB or in the whole YRB, contributing to the
enrichment of the water resources of the “water tower” of the YRB. However, the
activities of the MTPVs were likely to cause heavy rainfall such as rainstorms
and heavy rainstorms, which could result in local flooding and other natural disas-
ters and damage to the local ecological environment in the middle reaches of the
YRB. The HITPVs mostly moved eastward and northeastward during late May to
mid-August, mainly affecting themiddle or lower reaches of the YRB. In addition,
theseHITPVs had southeastward paths, spinning in theHetao region. TheHITPVs
with eastward paths and spinning in the Hetao region influenced the whole YRB,
mainly causing rainstorms and heavy rainstorms in the middle or lower reaches.
All of the HITPVs resulted in damage to the local ecological environment of the
YRB.

Keywords: Tibetan Plateau Vortex · Yellow River Basin · Ecological
Environment
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1 Introduction

Tibetan Plateau vortices (TPVs) are essential low-pressure systems affecting China, and
once the TPVsmove eastward out of the Tibetan Plateau, they can cause disaster weather
(such as torrential rain and downpour) over a wide range of China [1–5]. Therefore, the
eastward-moving TPVs have become the focus of TPV research.

Several previous studies revealed the impact of the eastward-moving TPVs on pre-
cipitation in China. For example, Yu et al. [6] indicated that the TPVs generally resulted
in rainfall with an intensity of moderate rain or above after moving out of the plateau,
and 60% of them that were active for a long time (≥36 h) caused torrential rain or down-
pour. Zhang et al. [7] pointed out that a TPV spinning over the Hetao region caused a
downpour in northern Shaanxi. Yu et al. [4] noted that the TPVs maintained east of the
Tibetan Plateau have a wide range of influence on China and can even affect the Korean
Peninsula, Japan and Vietnam. The TPVs lasting for a long time after moving out of the
Tibetan Plateau greatly influence heavy precipitation in China and even in East Asia [8].

The Yellow River Basin (YRB) crosses eight provinces in China. Its upper reaches
are the water resources of the Yellow River, called the “water tower”. The precipitation
in this area is vital and directly impacts agriculture, ecology and human survival in the
Hexi Corridor region. In addition, it affects the agricultural and livestock production in
the Hetao region of the YRB (mid-latitude arid and semi-arid regions) and is closely
related to the people’s production and livelihood in the lower reaches of theYRB. Further
investigation of the relationship between TPV activities and heavy rainfall in China is
of great significance for the use of water resources and ecological and environmental
protection. However, studies on the impacts of TPV activities on the upper, middle and
lower reaches of the YRB are scarce and deserve to be further carried out.

Therefore, in this study, we analyze the impacts of the TPVs in 1998 and the TPVs
lasting for a long time after moving out of the Tibetan Plateau during 1998–2018 on
precipitation in the YRB, in order to explore how the TPVs affect the ecological envi-
ronment of the YRB. The remainder of this paper is organized as follows. Section 2
introduces the data and methods used in this research. Section 3 investigates the impacts
of the TPVs in 1998 on precipitation and ecology in the YRB. Section 4 describes the
activities and impacts of the high-influence TPVs (HITPVs) in the YRB. The main
conclusions are presented in Sect. 5.

2 Data and Methods

The data used in this study include the ground-based observations and sounding data at
08:00 and 20:00 (Beijing time, the same as below) from 1998 to 2018 provided by the
National Meteorological Information Center of the China Meteorological Administra-
tion. The yearbooks of the TPVs and the shear lines from 1998 to 2018 are also used in
this research [9, 10].

The synoptic analysis and statistical analysis methods [4] are used to analyze the
activities of the moving-out TPVs (MTPVs), the activities of the TPVs not moving out
of the plateau (NMTPVs) in 1998 and their relationships with precipitation. Also, the
activities and precipitation of the TPVs with a longer activity periods (more than 24
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h after moving out of the plateau) from 1998 to 2018 are investigated. The impact of
HITPVs in the YRB on the ecological environment is explored as well.

The TPVs are generated on the Tibetan Plateau and appear at 500 hPa, which refers
to low-pressure systems with closed contours or with cyclonic circulations in terms of
the wind direction at three stations [11]. Their number is composed of the letter “C”
at the beginning, the second and third digits are the last two digits of the year, and the
fourth and fifth digits are the two digits of the low vortex sequence in the corresponding
year [9].

A HITPV refers to a TPV activity process that can cause precipitation of 100 mm or
more in the upper, middle or lower reaches of the YRB after moving out of the plateau
for more than 24 h.

3 Impacts of the TPVs in 1998 on Precipitation and Ecology
in the Yellow River Basin

During the floods in the Yangtze River Basin in 1998 (from late June to August), there
were 13 heavy rainfall events corresponding to eight flood peaks in the upper reaches
of the Yangtze River, all of which were caused by low vortices with shear lines formed
by the combination of a TPV and a westerly trough [12]. The impacts of TPV activities
were considerable on the Yangtze River floods in 1998. Therefore, the TPV activities
and the impacts of the MTPVs and the NMTPVs on precipitation and ecology in the
YRB during 1998 are discussed as follows.

3.1 TPV Activities in 1998

Figure 1 presents the monthly occurrences of the TPVs, MTPVs and NMTPVs in 1998.
The results indicate that the earliest occurrence of the TPVs in 1998 was in early March,
and the last appeared in earlyDecember. Except for January, February andNovember, the
TPVs appear in each month. June to August is the peak period for the occurrence of the
TPVs, especially for the NMTPVs, while theMTPVs are more frequent in July–August.

The source locations of the TPVs, MTPVs and NMTPVs are also analyzed in this
research, as shown in Fig. 2. It can be found that in 1998, most of the TPVs and MTPVs
were generated in the east and south of the Tibetan Plateau.However, the TPVs generated
in the northeastern and central plateau have higher probabilities of moving out of the
plateau, with probability values of 67% and 50%, respectively.

3.2 Impacts of the NMTPVs in 1998 on the Precipitation and Ecology
in the Yellow River Basin

Table 1 presents the precipitation situation in the YRB affected by the NMTPVs in 1998.
Obviously, the NMTPVs in 1998, most of which (19/26) brought precipitation to the
YRB, affected the upper reaches, with 37% (7/19) resulting in drizzle (≤10 mm) and
63% (12/19) causing moderate rain and above (>10 mm). In addition, the maximum
rainfall caused by the NMTPVs is 38 mm. Most of the NMTPVs resulting in moderate
rain and above appeared in June and July (8/12 = 67%). Compared with Fig. 1, it can
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Fig. 1. Monthly occurrence of the Tibetan Plateau vortices (TPVs), moving-out TPVs (MTPVs)
and TPVs not moving out of the plateau (NMTPVs) in 1998.

Fig. 2. Numbers of the TPVs, MTPVs and NMTPVs with various source locations. “NP” rep-
resent the northern plateau, “NEP” the northeastern plateau, “EP” the eastern plateau, “MP” the
middle part of the Tibetan Plateau, “SEP” the southeastern plateau, and “SP” the southern plateau.

be found that the majority of the NMTPVs in June and July (11/12) brought rainfall to
the upper reaches of the YRB, and most of them (8/12) caused moderate rain and above.
These NMTPVs generally stayed at the source or moved southeastward. This result
suggests that the NMTPVs greatly influence the precipitation in the upper reaches of the
YRB, mostly causing rainfall with an intensity of moderate rain and above, especially
in June and July.

Moreover, in 1998, the activity periods of the NMTPVs resulting in precipitation
in the YRB were relatively short, mostly within 24 h (17/19), with 63% (12/19) of 24
h and the longest of 36 h (only two cases). There were only two NMTPVs causing
more than 30 mm of precipitation, and their activity periods were 12 h and 24 h. As
can be shown from Fig. 2, the NMTPVs generated in the northeastern and southeastern
plateau in 1998 all could bring rainfall to the upper reaches of the Yellow River, and
the majority of the NMTPVs (3/4) generated in the southeastern plateau caused rainfall
of moderate rain and above, with an activity period of 24 h. The majority (9/10) of the
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NMTPVs generated in the eastern plateau could bring rainfall to the upper reaches of
the YRB, with more than half of them causing moderate rain and above. These results
demonstrate that the activity periods of the NMTPVs are relatively short, and regardless
of the activity periods, the influences of the NMTPVs should be taken into account. In
particular, the NMTPVs generated in the northeastern, southeastern and eastern plateau
should receive more attention as they can bring precipitation to the upper reaches of the
YRB, especially for the NMTPVs originating from the southeastern plateau.

Table 1. Precipitation situation in the Yellow River Basin (YRB) affected by the Tibetan Plateau
vortices not moving out of the plateau (NMTPVs) with different source locations.

Source
locations

Number Generation time Activity
period

Affected
area of
the YRB

Maximum
rainfall
(mm)

Path

(month/day/hour.) (hours) (UR MR
LR)

Northern
plateau

C9802 3/24/08 12 UR 2.7

C9808 5/11/20 12 UR 14.6

Northeastern
plateau

C9825 7/24/08 12 UR 8.2

Eastern
plateau

C9803 4/13/20 12 UR 13.5

C9807 4/22/08 12 UR <10

C9809 5/28/08 12 UR 33.6

C9810 6/3/08 12 UR 11.4

C9815 6/30/20 12 UR 21.8

C9820 7/15/20 24 UR <10 Southeastward

C9822 7/10/08 24 UR 16.6 Southeastward

C9826 7/26/08 12 UR 10

C9827 7/27/20 36 UR 16.1 Southeastward

Central
plateau

C9819 7/14/20 12 UR 26.7

Southeastern
plateau

C9804 4/14/08 12 UR <10

C9811 6/4/20 24 UR 12.5 Southeastward

C9813 6/8/20 24 UR 26.3 Southwestward

C9816 7/5/20 24 UR 38.0 Eastward

Southern
plateau

C9829 8/7/08 36 UR 21.9 Eastward

C9839 10/3/20 12 UR <10

Note: “UR”, “MR” and “LR” denote the upper, middle and lower reaches of the Yellow River
Basin, respectively
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Overall, the activities of the NMTPVs are favorable for enriching the water resources
of the “water tower” of the Yellow River. Especially in June–July when the agricultural
and pastoral water use reaches its peak in the YRB, the NMTPV activities increase the
water volume in the upper reaches of the YRB, positively regulating the water resources
in the middle and lower reaches of the YRB.

3.3 Impacts of the MTPVS in 1998 on the Precipitation and Ecology in the Yellow
River Basin

As illustrated in Table 2, the precipitation in the YRB affected by the MTPVs in 1998
indicates that the majority (12/14 = 86%) of the MTPVs brought precipitation to the
YRB, mostly affecting the upper and middle reaches of the YRB, only one influencing
the whole basin, and 42% (5/12) impacting only the upper reaches of YRB. In terms
of the MTPVs, only 17% (2/12) of the MTPVs resulted drizzle (≤10 mm), 83% of the
cases caused precipitation with an intensity of moderate rain and above (>10 mm), and
one third led to downpour (maximum rainfall of 178.9 mm). The MTPVs that caused
moderate rain and above mainly appeared in June–September (9/10), with two in June,
July and September, respectively, and three in August. Compared with Fig. 1, it can be
found that theMTPVs in both June and September brought precipitationwith an intensity
of moderate rain or above to the upper or upper to middle reaches of the YRB. Half of
the MTPVs in August caused moderate rain or above in the upper to middle reaches
of the YRB, with torrential rain in the upper or middle reaches. Half of the MTPVs in
July resulted in torrential rain or downpour in the middle reaches. Therefore, it can be
concluded that both in terms of rainfall area and intensity, the influence of the MTPVs
on precipitation in the YRB is greater than that of the NMTPVs. Most of theMTPVs can
cause moderate rain and above in the upper to middle reaches of the YRB, especially
in July and August when half of the MTPVs caused torrential rain or downpour, which
should be considered a concern.

Moreover, the activity periods of the MTPVs affecting precipitation in the YRB
in 1998 are relatively longer, mostly more than 36 h (8/12), of which more than 48
h account for 76% (6/8). Three MTPVs have the longest activity period of 60 h. One
of them caused heavy rain in the whole YRB, and the other resulted in moderate and
heavy rain in the upper to middle reaches of the YRB, accompanied by downpours in
the upper or middle reaches. Only two MTPVs led to precipitation greater than 90 mm,
both with an activity period of 48 h. Combined with Fig. 2, we can find that the 1998
MTPVs generated in the northern, northeastern, eastern, central and southeastern plateau
all brought precipitation to the upper or upper to middle reaches of the YRB. Except the
MTPVs generated in the southeastern plateau, which only brought drizzle to the upper
reaches of the YRB, most of the MTPVs (6/9) generated in the northern, northeastern,
eastern and central plateau causedmoderate rain and above in the upper tomiddle reaches
or the whole YRB, with an activity period of 36–60 h, which mostly moved eastward
or northeastward. This result indicates that the MTPVs with an activity period of more
than 48 h deserve our attention, especially for those with an activity period of 60 h. The
MTPVs generated in the northern and eastern plateau can cause moderate to heavy rain
and above in the upper-middle reaches or middle-lower reaches of the YRB, especially
for those generated in the eastern plateau.
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Overall, the MTPV activities are beneficial to the enrichment of the water resources
of the Yellow River “water tower”. However, the MTPV activities are prone to cause
heavy rainfall such as torrential rain and downpour in the middle reaches of the YRB on
the Loess Plateaus, leading to local flooding and other natural disasters, damaging the
already fragile ecological environment. In particular, in July and August when agricul-
tural and pastoral water use reaches its peak in the YRB, the activities of the MTPVs can
increase more water volume than the NMTPVs in the upper reaches of the YRB, with
more positive impacts on water regulation in the middle and lower reaches of the YRB.
However, it is not favorable to the local ecological environment in the middle reaches
of the YRB.

Table 2. Precipitation situation in the YRB affected by the moving-out Tibetan Plateau vortices
(MTPVs) generated in different source locations.

Source
location

Number Generation
time

Activity
period

Affected
area of the
YRB

Maximum
rainfall
(mm)

Path

(month/ day/
hour)

(hours) (UR MR
LR)

Northern
plateau

C9801 3/7/08 60 Whole
YRB

<10 32.8
33.2

Eastward

C9831 8/18/08 60 UR and
MR

52.8 27.6 Southeastward

Northeastern
plateau

C9814 6/10/08 24 UR 12.7 Northeastward

C9838 9/3/20 36 UR and
MR

18<10 Eastward

Eastern
plateau

C9812 6/5/20 60 UR and
MR

24.2 45.7 Northeastward

C9818 7/8/20 48 UR and
MR

36.7 178.9 Northeastward

C9837 9/2/08 24 UR 11.8 Eastward

Central
plateau

C9817 7/7/08 24 UR and
MR

<10 77.3 Eastward

C9834 8/27/08 48 UR 17.5 Northeastward
to
southeastward

Southeastern
Plateau

C9823 7/21/20 36 UR <10 southeastward

C9833 8/23/08 24 UR <10 Northeastward

Southern
Plateau

C9828 8/4/08 48 UR and
MR

17.2 91.4 Eastward

Note: “UR”, “MR” and “LR” denote the upper, middle and lower reaches of the Yellow River
Basin, respectively
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4 Activities and Impacts of the HITPVs in the Yellow River Basin

Based on the identification criteria for the HITPVs described in Sect. 2, the TPVs with
high impacts on the YRB from 1998 to 2018 and their paths are shown in Table 3. It can
be found that there was a total of thirteen HITPVs from 1998 to 2018, i.e., the annual
average was less than 1. 2000 and 2002 are the years with the most HITPVs, both with
two. Additionally, in nearly half of the years (10/21), no HITPVs were observed. The
relative concentration periods of the HITPVs are 1999–2002 and 2007–2010, suggesting
that the occurrences of the HITPVs are related not only to the weather systems affecting
TPV activities, but also to atmospheric circulations. Moreover, the HITPVs were mostly

Table 3. High-influence Tibetan Plateau vortices in the YRB from 1998 to 2018.

Path Number Activity period Source Activity
period

Maximum
rainfall (mm)

number (month/day/hour–month/day/hour) location (hours) (UR MR LR)

Northeastward C0526 6/23/08–6/28/08 Southeastern
plateau

72 103.0 157.8

C0730 6/19/20–6/25/20 Eastern
plateau

84 111.8

C1026 7/17/20–7/19/20 Southeastern
plateau

24 217.8

C1321 5/24/08–5/27/20 Central
plateau

60 123.0 132.2

Southeastward C9922 7/14/08–7/16/20 Northern
plateau

36 104.0

C0223 8/12/08–8/20/08 Northeastern
plateau

168 108.0

Eastward C0010 6/17/08–6/23/08 Northeastern
plateau

108 129.0

C0319 7/12/20–7/14/20 Northeastern
plateau

36 114.1

C0831 7/20/08–7/23/08 Eastern
plateau

24 116.0

C0943 8/2/08–8/4/08 Northeastern
plateau

24 141.0

C1741 7/25/20–7/29/08 Central
plateau

36 103.6

Spinning in the
Hetao region

C0014 7/2/20–7/7/20 Eastern
plateau

72 409.0

C0216 7/1/20–7/5/08 Eastern
plateau

108 341.9

Note: “UR”, “MR” and “LR” denote the upper, middle and lower reaches of the Yellow River
Basin, respectively
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generated in the eastern or northeastern plateau, mainly moving eastward or northeast-
ward. The majority of the HITPVs remained active for 24 h to 72 h after moving out of
the plateau, mainly affecting the middle or lower reaches of the YRB.

Additionally, the HITPVs for the YRB from 1998 to 2018 mainly moved eastward
and northeastward, and also some of them had a southeastward paths or spun in the
Hetao region.

The HITPVs with an eastward path (Figs. 3a, b, c, d and e) mainly occurred from the
second half of June to early August and affected the whole YRB, generally resulting in
moderate to torrential rain. These HITPVs were generally generated in the northeastern
plateau and caused torrential rain or downpour in the middle or lower reaches of the
YRB, leading to local flooding and other natural disasters in the middle or lower reaches
of the YRB and causing severe ecological damage.

Fig. 3. The total rainfall caused by the high-influence Tibetan Plateau vortices (HITPVs) with an
eastward path in the YRB, i.e., (a) C0010, (b) C0319, (c) C0831, (d) C0943 and (e) C1741.
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The HITPVs with a northeastward path (Figs. 4a, b, c and d) mostly appeared from
late May to mid-July and generally generated in the southeastern and eastern plateau.
Half of them caused torrential rain or downpour in the middle and lower reaches of the
YRB, and the other half resulted in torrential rain or downpour in the lower reaches of
the YRB, leading to natural disasters such as local flooding in the middle and lower
reaches of the YRB, especially in the lower reaches. The ecological damage brought by
the northeastward-moving HITPVs is greater than that of the eastward-moving ones in
the middle and lower reaches of the YRB.

The HITPVs with a southeastward path (Figs. 5a and b) typically occurred from
late July to mid-August, causing moderate to torrential rain in the upper and middle
reaches of theYRB.TheseTPVswere generated in the northern and northeastern plateau,
leading to torrential rain in the upper or middle reaches of the YRB, resulting in natural
disasters such as local flooding and thereby bringing ecological damage to these areas.
However, the impact of the southeastward-moving HITPVs is weaker than that of the
northeastward-moving and eastward-moving HITPVs.

The HITPVs spinning in the Hetao region in the YRB (Figs. 6a and b) mainly
occurred in early July and had impacts on the entire YRB, with widespread drizzle to
torrential rain. They were generated in the eastern plateau, leading to torrential rain and
downpour in the middle or lower reaches of the YRB and thereby causing local flooding
and other natural disasters in these areas. The impact of the HITPVs spinning in the
Hetao region on the ecological environment in the middle or lower reaches of the YRB
is greater than that of the eastward-moving HITPVs.

Fig. 4. Same as Fig. 3, but for the HITPVs with a northeastward path, i.e., (a) C0526, (b) C0730,
(c) C1026 and (d) C1321.
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Therefore, it can be concluded that the generation locations are different for the
HITPVs with different paths. The eastward-moving HITPVs were generated in the
northeastern plateau, the northeastward ones were generated in the southeastern and
eastern plateau, the southeastward ones were generated in the northern and northeastern
plateau, and the HITPVs spinning in the Hetao region were generated in the eastern
plateau. Moreover, the impacts of the HITPVs with different paths on the YRB vary in
range and intensity, causing different severity of ecological damage to the YRB. Specif-
ically, the damage to the local ecological environment in the middle and lower reaches
of the YRB was the greatest caused by the HITPVs with northeastward paths, followed
by the TPVs spinning in the Hetao region, the third for the eastward-moving HITPVs,
and the weakest for the HITPVs with southeastward paths.

Fig. 5. Same as Fig. 3, but for the HITPVs with a southeastward path, i.e., (a) C9922 and (b)
C0223.

Fig. 6. Same as Fig. 3, but for the HITPVs spinning in the Hetao region, i.e., (a) C0014 and (b)
C0216.

5 Conclusions

In this study, the impacts of TPVs activities in 1998 on the ecological environment of
the YRB are investigated by analyzing the activities and precipitation of the MTPVs and
NMTPVs in 1998. The HITPV activities in the YRB and the precipitation caused by
them from 1998 to 2018 are also discussed, and finally their impacts on the ecological
environment of the YRB are obtained. The study is of great significance for the use of
water resources and ecological and environmental protection. The main conclusions are
as follows.
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All the NMTPVs generated in the northeastern and southeastern plateau in 1998
brought rainfall to the upper reaches of the YRB. The NMTPVs generated in the south-
eastern plateau caused precipitation with an intensity of moderate rain and above. The
NMTPVs generated in the eastern plateau mostly brought precipitation to the upper
reaches of the YRB, more than half of which caused moderate rain and above. There-
fore, these NMTPVs are conducive to enriching the water resources in the “water tower”
of the YRB, which can increase the water volume in the upper reaches of the YRB and
play a positive role in regulating water volume in the middle and lower reaches of the
YRB.

All the MTPVs in 1998 brought rainfall to the upper or upper-middle reaches of
the YRB. The MTPVs originating from the northern, northeastern, eastern and central
plateau mostly caused precipitation with an intensity of moderate rain and above in
the upper-middle reaches of the YRB or the whole YRB, mainly moving eastward or
northeastward. The MTPVs with a longer activity periods (60 h or more), especially for
those generated in the eastern plateau, resulted in stronger rainfall intensities. Compared
with the NMTPVs, the increase of the water volume increase caused by the MTPVs
activities is more, especially during July–August when agricultural and pastoral water
use reaches its peak in the YRB. Thus, the MTPVs are more favorable to enriching
the water resources in the “water tower” of the YRB. However, in terms of the middle
reaches of the YRB, the MTPVs are likely to cause heavy rainfall such as torrential
rain and downpour, leading to local flooding and other natural disasters and resulting in
damage to the local ecological environment in these areas.

Most of the HITPVs in the YRB were generated in the eastern and northeastern
plateau and generally moved eastward or northeastward. Their main activity periods
were 24–72 h after moving out of the plateau, and the major influenced areas were the
middle or lower reaches of the YRB.

The HITPVs mostly moved eastward and northeastward, and some of them moved
southeastward or spun in theHetao region. TheseTPVsmainly appeared from lateMay to
mid-August, and the occurrence periods are different for theHITPVswith different paths,
successively for the northeastward-moving HITPVs, the eastward-moving HITPVs, the
HITPVs spinning in the Hetao region and the southeastward-moving HITPVs.

The impacts of the HITPVs with different paths on the YRB varied in range and
intensity. The eastward-moving HITPVs and those spinning in the Hetao region had
influences on the whole YRB,mainly causing torrential rain and downpour in the middle
or lower reaches. The impacts of the eastward-moving HITPVs were greater than those
spinning in the Hetao region. The northeastward-moving HITPVs caused torrential rain
and downpour in the middle and lower reaches of the YRB, especially in the lower
reaches. The HITPVs with southeastward paths led to moderate rain and above in the
upper and middle reaches of the YRB.

This research also indicates that the HITPVs with different paths in the YRB all
resulted in damage to the local ecology in the YRB, but the severity of the damage
was different. The damage to the local ecological environment in the middle and lower
reaches of the YRB was the greatest caused by the northeastward-moving HITPVs,
followed by the HITPVs spinning in the Hetao region, the third for the eastward-moving
HITPVs, and the weakest for the southeastward-moving HITPVs.
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Abstract. Wind energy is an important energy source with a strong potential
for development. China’s Fujian Sea areas is a key area for the development of
offshore wind power. In this study,WRFmodel was used to simulate the wind field
in Fujian Sea areas from 2019 to 2021, and the simulation data of WRF fit well
with the measured data of buoy. According to the analysis, the maximum wind
energy density in Fujian Sea areas is concentrated in the Taiwan Strait, the annual
average wind energy density is distributed in the range of 400–700 W/m2, the
seasonal average wind energy density distribution is small in spring and summer,
large in autumn and winter, the monthly average wind energy density is the largest
in October, November and December, and themaximum is more than 2000W/m2.
The main wind direction are NE and NNE. The results show that Fujian Sea areas
is rich inwind energy, which is conducive to the promotion of offshorewind power
development process.

Keywords: WRF Model · Fujian Sea Areas ·Wind Energy Resources
Assessment

1 Introduction

With the development of economy, the existing energy sources crisis is approaching, and
the development and utilization of renewable energy are increasingly important [1–3].As
a kind of renewable energy, wind energy has the advantages of clean and environmental
protection, large reserves and wide distribution range, and has a strong development
potential. In the utilization of wind energy, it can be divided into onshore wind power
and offshore wind power. Offshore wind power has more advantages, including higher
wind speed, more stable wind direction, and higher annual utilization hours of wind
speed [4–6].

Many scholars have analyzed the wind resources in different sea areas throughWRF
model. Matter et al. predicted the wind energy density in the central coastal area of
Chile, and demonstrated the feasibility of installing wind turbines at this location [7].
Shimada et al. studied the offshore area of Shirahama, Japan, and found that improving
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the wind speed simulation error is the key to improve the simulation accuracy, which
can enhance the effect of wind energy assessment [8]. Mengsen Luo et al. analyzed
the distribution of wind resources in Jiangsu Sea areas, which was the largest in spring
and the smallest in summer, and the spatial distribution increased from inland areas to
coastal areas [9]. Donghui Li simulated thewind fields in the Shandong Peninsula coastal
area, and through comparison with data from actual observation stations, conducted
a comprehensive assessment of the wind energy resources in this region [10]. Sheng
Dong et al. conducted a simulation and analysis of wind fields in the Yangtze River
Delta region, which showed that wind energy density in spring was the lowest, and it
increased gradually in other seasons, and the prevailing wind directions that have the
most significant impact on the Yangtze River Delta region are from the northwest and
north [11].

The main research area of this study is the Fujian Sea areas, China, which have
relatively high annual average wind speeds, mainly from the northeast direction with
stable wind direction, and the abundant wind energy resources are conducive to the
long-term operation of wind turbines [12–14]. Section 2 introduces the wind data and
WRF model information used. Section 3 presents the analysis and assessment of wind
energy resources, and Sect. 4 is the conclusion.

2 Methodology

2.1 Wind Data

Thewind data used in this study can be divided into ERA5 reanalysis data and buoy data.
ERA5 assimilates historical observation results into model data to meet researchers’
requirements for studying various aspects of atmospheric conditions. The horizontal
resolution of the wind data is 0.25° × 0.25°, it covers the entire globe.

In this study, four buoy data in the sea areas are selected, provided by Fujian Marine
Forecasts (http://www.fjhyyb.cn/Ocean863Web_MAIN/default.aspx#hygc), and the
temporal coverage ranges from 0:00 on January 1, 2020 to 0:00 on January 1, 2021.
The schematic diagram of longitude and latitude information and location distribution
is as follows. Because the four points where the buoy is located are missing in different
time periods, the number of data is different. P2 points may be due to external factors
such as instrument maintenance or buoy shift, the data is completely missing in the
second half of November and December, so the number of data is less than the other
points, accounting for slightly less than 75%, the other buoy data accounted for more
than 75%, and the data integrity rate is high. The integrity of P3 points is the highest,
accounting for 88.32%.

2.2 Wind Energy Calculation Method

Wind energy can be defined as the air energy that passes vertically through the cross
section at a given wind speed:

Ek = 1

2
mv2 (1)

http://www.fjhyyb.cn/Ocean863Web_MAIN/default.aspx#hygc


158 D. Ji et al.

Fig. 1. Geographic location map of the buoy.

Table 1. Latitude and longitude of buoys.

Point Longitude Latitude Number Proportion

P1 118.20°E 23.70°N 6979 79.44%

P2 119.30°E 24.50°N 6502 74.01%

P3 120.30°E 25.52°N 7759 88.32%

P4 120.70°E 26.28°N 7439 84.68%

Ek , m and v represent wind energy, air quality and wind speed, respectively. The
air quality can be rewritten as the product of the air density and the air volume passing
through the cross section during that time period. Therefore, formula (1) can also be
written as follows:

Ek = 1

2
(ρAvt)v2 = 1

2
ρAv3t (2)

In the above formula, ρ, A, v and t are the air density, cross-sectional area, wind
speed and time, respectively.

According to formula (2), the relationship between wind potential and wind speed
is the third power, and wind potential can be expressed as:

P(v) = 1

2
ρAv3 (3)
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According to formula (3), the wind energy density can be written as:

Pd (ρ, v) = 1

2
ρv3 (4)

Here, the air density of the sea surface is 1.292 kg/m3 in the Fujian Sea areas. All the
equations used above are quoted from the literature [11].

2.3 Configuration of WRF Model

WRFmodel was developed by a number of research centers, as well as various universi-
ties and research institutions in the United States, in the year 2000 [15]. TheWRFmodel
can meet the needs of various operational forecasting and academic research under dif-
ferent spatial scales. It mainly focuses on weather forecasting and simulation research
in the mesoscale.

In this study, the WRF4.1.2 version was used for simulation and analysis of the
research areas, and ERA5 reanalysis data were used as input meteorological data. The
simulation uses three two-way nested domains, the center of the study area is 119°E
and 24°N, the horizontal resolution is 27 km, 9 km and 3 km, with grid numbers of
120 × 120, 232 × 232, and 304 × 304, respectively. Data was output every 3 h for
the outer layer and every hour for the middle layers and inner layers. The simulation
adopts the Mercator projection, with a time integration step of 120 s for the outer layer,
37 vertical layers, and a top pressure of 5000 Pa. Based on preheating experiments
and relevant literature review, the simulation was started 6 h in advance, that is, each
simulation lasted for 30 h, and the simulated results of the innermost nested domain in
the last 24 h were compared with the observed data [16, 17]. The simulation time is
from 0:00 on January 1, 2019 to 0:00 on January 1, 2022, a total of three years. The
physical parameterization schemes are shown in Table 2 and the simulation domain is
shown in Fig. 2. The cumulus parameterization scheme of the innermost d03 domain is
turned off [18]. The outer domain d01 covers a latitude range of 8.16°N to 38.12°N and
a longitude range of 102.45°E to 135.55°E. The middle domain d02 covers a latitude
range of 16.01°N to 35.27°N and a longitude range of 110.49°E to 132.00°E. The inner
domain d03 covers a latitude range of 19.89°N to 28.47°N and a longitude range of
115.04°E to 124.45°E.

2.4 WRF Model Performance Evaluation

In this section, themeasured data and simulated data of wind speed from 0:00 on January
1, 2020 to 0:00 on January 1, 2021 are selected. In the selection of simulated data, the
nearest neighbor interpolation method is used to compared with the measured wind
speed, and the time series diagram is shown in Fig. 3. The error analysis index used R,
MAE, RMSE, rMAE and rRMSE, and the error analysis results are shown in Table 3.

From Fig. 3, the simulated wind speed and the measured wind speed fit well on
the overall trend, and the WRF model can better capture the actual wind speed change
situation, and the two have a strong correlation. In the comparison of wind speed, the
deviation in summer is relatively large, and the trend of other seasons is consistent.
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Fig. 2. Settings of the simulated sea areas.

Table 2. Configuration of the WRF model.

Parameterization Configuration

Microphysics Purdue Lin

Cumulus Parameterization Kain-Fritsch

Longwave Radiation RRTM

Shortwave Radiation Dudhia

Planetary Boundary layer Yonsei University (YSU)

Surface Layer Revived Monin-Obukhov (Revised MM5)

Land Surface Unified Noah land surface layer

According to Table 3, the R values are around 0.86 at P4 and above 0.90 at all other
points, with an average of 0.91. The MAE values are all less than 1.50 m/s, with the best
simulation performance at P1 (1.19 m/s) and the worst at P4 (1.48 m/s), with an average
of around 1.31 m/s. The RMSE is less than 2.00 m/s, with an average of 1.75 m/s. In
terms of rMAE, P2 has the smallest value at only 13.03%, while P4 has the largest value
at 16.54%, fluctuating around 15%. The average value of rRMSE is 19.79%, P2 has the
smallest value at only 18.07%.
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Fig. 3. Comparison diagram of the WRF model wind speed and the measured wind speed of the
buoy.

Table 3. Error index of the wind speed.

Point R MAE(m/s) RMSE(m/s) rMAE rRMSE

P1 0.9443 1.1859 1.5926 14.37% 19.30%

P2 0.9338 1.2078 1.6756 13.03% 18.07%

P3 0.9094 1.3682 1.8069 15.29% 20.19%

P4 0.8664 1.4778 1.9296 16.54% 21.60%

Average 0.9135 1.3099 1.7512 14.81% 19.79%

3 Results

3.1 Annual Average Wind Energy Characteristics Analysis

In this section, the 10 m height wind data was simulated for three years. From Fig. 4,
the annual average wind energy density is mainly between 400–700 W/m2, with the
maximum value appearing in the Taiwan Strait, which can reach over 1000 W/m2 and
gradually decreases towards the surrounding areas.
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Fig. 4. Annual average wind energy density distribution in Fujian Sea areas.

3.2 Seasonal Average Wind Energy Characteristics Analysis

According to Fig. 5, the wind energy density in autumn and winter is the largest, with
a maximum value of 1500 W/m2, and it in spring and summer is relatively small, with
a maximum value of only 700 W/m2. In winter, it is mainly distributed in the range of
600–1000 W/m2, in spring in the range of 300–500 W/m2, in summer in the range of
200–450W/m2, and in autumn within the range of 400–800W/m2. The maximum wind
energy density is distributed near the Taiwan Strait. The relatively large values in spring
and summer are distributed in the eastern of the Fujian Sea areas, and in autumn and
winter are distributed in the southwest of the Fujian Sea areas.

3.3 Monthly Average Wind Energy Characteristics Analysis

According to Fig. 6, the monthly average wind energy density is highest in October,
November, and December, with the maximum value reaching over 2000 W/m2. More-
over, the wind energy density distribution during these three months is similar in spatial
position, with the maximum value appearing in the Taiwan Strait, while the other high
values are located in the southwest of Fujian Sea areas. In January, it is relatively high in
the southwest of Fujian Sea areas and small in the eastern of Fujian Sea areas, with the
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Fig. 5. Seasonal average wind energy density distribution in Fujian Sea areas

maximum value reaching over 1400 W/m2. In February, it is distributed around 400–
800 W/m2. The distribution of wind energy density in March and April is similar, with
the maximum value around 800 W/m2. It is the lowest in May, with the maximum value
only reaching 400 W/m2. In the four months of June, July, August, and September, the
spatial distribution of wind energy density shows a trend of being small in the southwest
of Fujian Sea areas and large in the eastern of Fujian Sea areas.

3.4 Analysis of the Wind Energy Density Rose Diagram

This section analyzes the WRF simulation data at four locations in the sea areas. The
location distribution and coordinate positions of the points are shown in Fig. 1 and
Table 1. The wind energy density rose diagrams of WRF data for the four points are
shown in Fig. 7, with the first row showing the P1 and P2 points, and the second row
showing the P3 and P4 points. According to Fig. 7, the dominant wind direction of P1
and P3 is NE direction, while the dominant wind direction of P2 and P4 is NNE direction.
Compared with other points, P2 has the highest wind energy density, indicating that it
has the most abundant wind energy resources. The main wind directions for the four
points are NE and NNE, indicating that the northeast wind has a wide impact on the sea
areas.
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Fig. 6. Monthly average wind energy density distribution in Fujian Sea areas
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Fig. 7. Wind energy density rose diagram of WRF simulation data at P1, P2, P3 and P4 points.

4 Conclusion

This study uses the WRFmodel to evaluate the wind energy in the Fujian sea areas from
2019 to 2021. The buoy data is used for validation, and the agreement between the two
is good, with MAE less than 1.5 m/s and RMSE less than 2.0 m/s. The results indicate
that:

(1) The maximum wind energy density in the Fujian Sea areas is distributed in the
Taiwan Strait, with an annual average wind energy density distributed in the range
of 400–700W/m2, and themaximum value can reach over 1000W/m2. The seasonal
average wind energy density distribution is small in spring and summer, and large in
autumn and winter. The monthly average wind energy density is highest in October,
November, and December, with a maximum value exceeding 2000 W/m2, while it
is lowest in May, only reaching 400 W/m2.

(2) According to the wind energy density rose diagram, the main wind directions in the
Fujian Sea areas are NE and NNE. The wind energy in Fujian Sea areas is abundant,
which is conducive to the development of offshore wind power. When constructing
wind farms, the incoming winds in the direction of NE and NNE should be given
priority to improve the utilization efficiency of wind energy resources.
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Case Analysis of a Squall Line Process in Beijing
Area in 2021
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Abstract. From18:00 June 25, 2021 to 01:00 June 26, 2021 a squall line appeared
in Beijing. Synoptic scale environment conditions, physics parameters fields, Bei-
jing Doppler radar products are analyzed. Results are as follows. 1) At 500 hPa,
Beijing was in front of trough which from mid-eastern inner Mongolia to central
Hebei. Temperature trough lagging behind height trough over the baroclinic zone
in the troposphere is favorable to system developing. Surface chart shows high
east and low west situation. 2) Beijing located in the center of 850 hPa θse high
energy zone, which does benefit to accumulate and trigger of unstable energy for
convective weather.3) Sounding analysis at 14:00 June 25 showed that the curve
of temperature and dew point temperature was trumpet shape from bottom to top.
The distribution form of upper dry and lower wet and the appropriate height of
0° layer and −20° layer were beneficial to the occurrence of large hail. The ver-
tical shear of the wind direction was a clockwise rolling flow, when the low-level
water vapor supply was sufficient, convection development was an important indi-
cator of sever convective weather. 4) Reflectivity factor profile showed obvious
echo wall, highly suspended strong echo, bounded weak echo region, the obvious
jump of VIL, the appearance of ZDR column and KDP 4.3°/km at corresponding
time indicated the occurrence of hail. Analysis of radial velocity map showed that
the ambiguity of radial velocity is closely related to the extreme wind at ground
stations.

Keywords: θse High Energy Zone · Bounded Weak Echo Region · ZDR
Column · Velocity Ambiguity

1 Introduction

Due to its vast territory, diverse terrain, and unique geographical and environmental
factors, China has been affected by various natural disasters for a long time.Among them,
meteorological natural disasters have the greatest impact, characterized by numerous
types, high frequency of occurrence, wide distribution area, and long duration. The
losses caused by strong convective weather account for more than half of the total losses
caused by meteorological disasters. Squall lines, as a mesoscale weather system that
causes severe convective weather, are usually composed of multiple active thunderstorm
cells arranged in a quasi linear mesoscale convective system. They are about tens to
hundreds of kilometers in length, 20 to 50 km in width, and have a life cycle of several
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to ten hours, leading to serious meteorological disasters [1–3]. With the application of
advanced detection technologies such as Doppler weather radar and the development of
mesoscale numerical models, the study of squall line cases has become more in-depth.
Foreign scholars have analyzed the statistical characteristics of squall lines andmesoscale
convective organization models using radar echo data [4–6], and provided a conceptual
model of mature squall lines. Domestic scholars have also done a lot of research from
the ground mesoscale physical characteristics, diabatic heating process, boundary layer
mesoscale convergence line, terrain induced and maintained squall line structure, and
the impact of initial convection and cloud physics schemes on the numerical simulation
results of squall line [7–12].

From 18:00 on June 25 to 01:00 on June 26, 2021, a squall line weather process
occurred in the Beijing area, accompanied by strong convective weather such as thunder-
storms, strong winds, short-term heavy rainfall, and hail. This article uses conventional
observation data, Doppler dual polarization radar data, and automatic station data to
analyze the causes and characteristics of a squall line weather process that occurred in
the Beijing area on June 25, 2021, in order to contribute to the nowcasting of the squall
line weather process.

2 Real-Time Weather Data

On June 25, 2021 at 19:42, a squall line was formed in the northern region of Beijing,
and then moved southeast by east. At 01:00 on June 26, the precipitation echo basically
moved out of Beijing. Affected by the squall line, there are 22 stations with rainfall
exceeding 50 mm in the city, and 2 stations with rainfall exceeding 70 mm (70.2 mm
in Zhenluoying, Pinggu and 81.2 mm in Chazigou, Miyun). At 20:20 in Yanqing, a
hailstone with a diameter of 4.5 cm appeared. The maximum wind speed at Yanqing
Racing Station 1 reached 27.4 m/s.

3 Environmental Condition Analysis

A comprehensive analysis of the data from various layers at 08:00 on the 25th shows that
the hailstorm area is located in front of the 500 hPa temperature trough (see Fig. 1). The
eastward movement of the temperature trough cools the upper atmosphere, increases
the vertical decrease rate of temperature, and increases the potential instability of the
atmosphere. The 500 hPa temperature trough lags behind the height trough, and the
system has strong baroclinic properties. Beijing is located in front of the trough, and the
positive vorticity advection is obvious. There is a cyclonic circulation near Beijing at
700 hPa, which is conducive to upward movement; at 850 hPa Beijing is also located in
front of the height trough, and the temperature trough lags behind the height trough. At
the same time, it has a dry and cold upper layer structure and a warm and wet lower layer
structure, which is conducive to further exacerbating the instability of the stratification.
On the sea level pressure field at 08:00 on the 25th (see Fig. 2), Beijing is in a situation
of high in the east and low in the west. Under the influence of the easterly wind behind
the high pressure, high-energy and high humidity from the East China Sea and Bohai
Sea flows towards Beijing, which is conducive to precipitation generation.
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Fig. 1. 500 hPa high altitude situation field at 08:00 on June 25, 2021.

Fig. 2. Sea level pressure field at 08:00 on June 25, 2021.

The occurrence of heavy precipitation requires sufficient water vapor supply in the
lower layers. The richer thewater vapor, the greater the corresponding precipitation under
the same conditions. Therefore, the specific humidity of 1000 hPa and the corresponding
level of water vapor flux divergence were analyzed at 08:00 on the 25th. From the



170 J. Geng and L. Lei

1000 hPa specific humidity and water vapor flux divergence, it can be seen that the
specific humidity in Beijing is greater than 14 g/kg, providing abundant water vapor for
subsequent precipitation. At the same time, the water vapor flux divergence in Beijing
reaches−10×10−7g · s−1 · cm−2hPa−1 is conducive to the convergence and horizontal
transport of water vapor, and has a positive impact on the maintenance of precipitation.

θse (pseudo equivalent potential temperature) is a comprehensive characteristic quan-
tity that characterizes atmospheric temperature, pressure, and humidity, and its distribu-
tion reflects the distribution of energy in the atmosphere. From the θse distribution map
of 850 hPa at 08:00 on the 25th (see Fig. 3), it can be seen that Beijing is located in the
center of the southwest northeast direction θse high energy zone with a central intensity
of 64 °C, which is conducive to the occurrence of strong precipitation.

From the sounding curve of 14:00 54511 (Beijing) station (see Fig. 4), it can be
observed that the temperature and dew point temperature curves show a trumpet shaped
shape from bottom to top, and the distribution of dry and wet from top to bottom is
conducive to the occurrence of large hail. The Convective Available Potential Energy
(CAPE) jumped from 35.1 J/kg at 08:00 to 949.5 J/kg at 14:00, with lower elevated
condensation height (840 hPa), convective condensation height (927 hPa), and free con-
vection height (999 hPa), making it easy to trigger convection. The high value of the K
index (33.4 °C) indicates good conditions for convection to occur. The height of the 0 °C
layer is 3944 m, and the height of the−20 °C layer is 7408 m, which is conducive to the
formation of hail. A SHEAR0-6 km speed of 16.1 m/s is conducive to the formation of
organized storms. According to the calculation of sounding data from station 54511 at
14:00, the temperature difference between the 850 hPa and 500 hPa layers reaches 26.4
°C, which is converted into a vertical temperature reduction rate of about 6.1 °C/km. A
larger vertical temperature reduction rate is beneficial for hail and thunderstorm weather
[13].

V represents the observed data of wind direction and speed in the sounding data
(see Fig. 5), while 3 θ Refers to θ (potential temperature) θ Sed (pseudo equivalent
potential temperature based on dew point) and θ* (saturated pseudo equivalent potential
temperature). Therefore, comparing the vertical distribution of the three lines through
horizontal wind direction not only enables us to understand the sources of wind and
the vertical shear characteristics of airflow at different heights, but also the instability
of the troposphere and the water vapor characteristics of the atmosphere. The precursor
information of atmospheric instability is reflected in the bending of the characteristic
layer, and abnormal bending in the middle and upper troposphere usually corresponds
to cold stratiform clouds or ultra-low temperature phenomena, which also means the
development of strong convective conditions. The 3θ potential temperature line has
multiple twists and turns, indicating that the vertical structure of the atmosphere is
extremely uneven and accumulates unstable energy in this figure.

The vertical shear of the wind direction in the atmospheric wind direction can also
be observed in V-3 θ. As reflected in the figure, the vertical direction of wind direction
circulation is called rolling flow. In the northern hemisphere, when the lower level is
easterly or southerly, and the upper level is westerly or northerly, it is called a forward
rolling flow. At this time, the water vapor supply in the lower level is sufficient, and
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Fig. 3. The pseudo equivalent temperature field at 850 hPa at 08:00 on June 25, 2021.

convection develops, which is an important sign of strong convective weather. The V-3θ
figure at 14:00 on June 25, 2021 conforms to the characteristics of the logo.

4 Analysis of This Process by Dual Polarization Radar

4.1 Analysis of Radar Reflectivity Factor

It can be seen from the radar reflectivity factor intensity map at different times observed
by the radar in the southern suburbs of Beijing on June 25 that since 18:30 (see Fig. 6(a)),
the echo of convection cell with a central intensity of 55 dBZ is about 165 km away from
the northwest of the radar station, and the echo of convection cell with a central intensity
of 59 dBZ is about 150 km away from the north of the radar station, moving southeast at a
speed of about 50 km/h.During themovement, the echo intensity located in the northwest
of the radar is continuously strengthened to 61 dBZ, the echo intensity located in the north
of the radar station remains basically stable. At 18:48 two echoes simultaneously entered
the northern regions of Huairou andYanqing in Beijing (see Fig. 6(b)). Subsequently, the
individual continued to develop and move towards a southerly direction, while echoes
continued to mature in the northwest and gradually merged with the aforementioned
echoes. At 19:42, a squall line with a length of about 200 km and a width of about 30 km
was formed (see Fig. 6(c)), with a strong central intensity of 63 dBZ. Subsequently, the
squall line moved southeast at a speed of 130 km/h, and its intensity remained basically
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Fig. 4. Sounding diagram of station 54511 at 14:00 on June 25, 2021.

Fig. 5. V-3 θ chart of station 54511 at 14:00 on June 25, 2021.
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stable. At 01:12 on the 26th, the precipitation echo moved out of Beijing (see Fig. 6
(d)). The squall line caused severe convective weather such as hail, local rainstorm,
thunderstorm and gale in Beijing during its movement.

(a) 18:30                             (b) 18:48

(c) 19:42                            (d) 01:12

Fig. 6. 1.5° reflectivity factor intensity map.

4.2 Vertical Profile Analysis of Reflectivity Factor

The vertical profile of the 20:18 reflectivity factor along the blue line (see Fig. 7) shows a
clear echo wall (with a strong echo center extending to over 10 km), a highly suspended
strong echo, and a bounded weak echo region structure, indicating the occurrence of hail
(see Fig. 8).

4.3 Radial Velocity Analysis

It can be seen that there is a velocity ambiguity zone in the red ellipse (see Fig. 9), which
is a possible sign of strong ground winds. Ground observations have also confirmed
this. At 20:15, the maximum wind speed of Yanqing Racing Station 1 near this velocity
ambiguity zone is 26.4 m/s.
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Fig. 7. Reflectivity factor diagram at 20:18. Fig. 8. Vertical profile of
reflectivity factor at 20:18.

Fig. 9. 1.5° radial velocity map at 20:12.

4.4 Analysis of Vertically Integrated Liquid Water Content

In the early 1970s, Greene et al. [14] proposed a new predictive factor – Vertical Inte-
grated Liquid (VIL) water content - for studying strong storms. VIL refers to the con-
version of the radar reflectivity factor value into an equivalent amount of liquid water,
reflecting the total amount of liquid water in a vertical column of precipitation clouds
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at a certain base area. In 1986, Winston et al. [15] found that VIL had a good indicating
effect on the presence of hail.

A significant jump in VIL from 20:06 to 20:18 near Yanqing, from 25.5 kg/m2 to
over 60 kg/m2, maintaining the scanning time of the two individuals (see Fig. 10). This
coincides with the timing of hail in Yanqing.

Fig. 10. VIL evolution map.

4.5 Differential Reflectivity Analysis

Dual-polarization Doppler weather radar can transmit and receive polarized waves in
both horizontal and vertical directions. In addition to the reflectivity intensity, radial
velocity and velocity spectrum width of conventional Doppler weather radar, the param-
eter such as ZDR、KDP of precipitation system can also be obtained. The radar’s ability
to detect strong convective weather such as hail has been significantly improved.

The variation of differential reflectivity in radar echoes is roughly consistent with the
variation of reflectivity factor echoes. At 20:06, the central intensity of the strong echo
near Yanqing reached 62 dBZ, with a corresponding ZDR value of 4 dB (see Fig. 11).
Its horizontal height is above 4 km, higher than the 0° layer height (3944 m). The
differential reflectivity factor ZDR column shows a high value range of ZDR above the 0
°C layer height in the environment, located in the strong updraft zone of the storm. The
appearance of this feature and the corresponding KDP at 4.3°/km (see Fig. 12) indicate
the occurrence of hail, followed by hail at Yanqing Station, Huairou Liulimiao, and
Yanqi Town.
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Fig. 11. 2.4° Differential reflectivity at 20:06. Fig. 12. 2.4° differential phase constant at
20:06.

5 Summary

(1) On the high-altitude map, the temperature trough lags behind the height trough, and
the system has strong baroclinic properties. Beijing is located in front of the trough,
and the positive vorticity advection is obvious. On the groundmap, Beijing is located
in a situation of high in the east and low in the west. Under the influence of easterly
winds at the back of high pressure, high-energy and high humidity from the East
China Sea and Bohai Sea flow to Beijing, which is conducive to the generation of
precipitation.

(2) According to the analysis of the 1000 hPa physical field at 08:00 on the 25th, the
specific humidity in theBeijing area is greater than 14g/kg, providing abundantwater
vapor for subsequent precipitation. The performance of water vapor flux divergence
is conducive to the convergence and horizontal transport of water vapor, and also
has a positive impact on the maintenance of precipitation. Beijing is located in the
center of the southwest northeast direction θse high energy zone, which is conducive
to the occurrence of strong precipitation.

(3) At 14:00, the sounding analysis showed that the temperature and dew point temper-
ature curves showed a trumpet shape from bottom to top, and the distribution of dry
and wet from top to bottom was conducive to the occurrence of large hail. Elevated
condensation height, convective condensation height, and free convection height
are all relatively low, which can easily trigger convection. The appropriate height
of the 0° and −20° layers is conducive to the formation of hail. SHEAR0-6 km is
conducive to the formation of organized storms. From V-3θ as can be seen from the
figure, the vertical shear of the wind direction shows a forward rolling flow. At this
time, the low-level water vapor supply is sufficient, and convection develops, which
is an important sign of the occurrence of strong convective weather. The V-3θ figure
at 14:00 on the 25th conforms to the characteristics of the logo.

(4) The vertical profile of the reflectivity factor shows obvious echo walls (with echo
centers extending to over 10 km), highly suspended strong echoes, bounded weak
echo region structures, significant VIL jumps, differential reflectivity factor ZDR
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columns, and the corresponding occurrence of KDP at 4.3°/km indicate the occur-
rence of hail. The analysis of the radial velocity map shows that the ambiguity of
radial velocity is closely related to extreme winds at ground stations.
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Abstract. In recent years, with the rapid development of the national economy,
China’s railway construction industry has flourished, becoming the periodwith the
most completed railway construction since the founding of the People’s Republic
of China. However, while greatly promoting the rapid development of regional
economy, the construction of railway might lead to land occupation, vegetation
destruction, changes in the natural environment within the construction area and
the ecological environment along the line, and alsomight change the original land-
scape structure and ecosystem function, bringing certain pressure to the ecologi-
cal environment. By establishing ecological environmental quality as assessment
index system and taking Nanping-Longyan Railway as the study case, this study
calculated the quality index of ecological environment and ecological environment
assessment index of railway construction project during the construction period,
and carried out classification and change analysis of the ecological environment
status. The results showed as follows: the railway ecological environment quality
index is continuously increasing, indicating that the engineering construction has a
small impact on the ecological environment, standardized construction, and high
environmental governance, boosting the continuous improvement of ecological
environment quality. The purpose of this paper is to find out the real changes in the
ecological environment in the process of railway construction, provide basic data
for railway environmental protection, and evaluate the quality of railway ecolog-
ical environment, in order to provide technical support for railway environmental
management decision.

Keywords: Railway Construction Projects · Construction Period ·
Nanping-Longyan Railway · Ecological Environmental Quality

1 Introduction

With the rapid development of the global transportation network,many developing coun-
tries and regions have increasingly strong demands for infrastructure projects such as
highways and railways [1]. China’s 13th Five-Year Plan calls for strengthening railway
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construction to drive national construction. The 14th Five-Year Plan upgraded the “four
vertical and four horizontal” railway network proposed in 2008 to the “eight vertical and
eight horizontal” high-speed railway main channel, committed to the construction of a
modern comprehensive transportation system [2]. As the main artery of national econ-
omy, key infrastructure andmajor livelihood projects [3, 4], railway plays an increasingly
important role in economic and social development [5, 6].

There are abundant researches on ecological evaluation abroad. In 2012, IREM
UCAL SARI et al. [7] used fuzzy analytic Hierarchy Process (FAHP) to evaluate Istan-
bul urban rail transit system under different risk factors, revealed the critical risk criteria
of these systems, and carried out multi-criteria evaluation on the existing railway sys-
tem to allocate scarce resources. In 2015, Mårten Karlson and UllaMörtberg [8] used
GIS technology and FRAGSTATS software to evaluate the spatial ecology of road net-
work fragmentation and disturbance in Sweden. In 2016, Erika Igondova proposed a
“three-step” approach to the impact of road construction on the ecological environment
in Slovakia, namely “investigation ecological resource assessment - ecological impact
assessment”. By finding out specific criteria, such as duration, reversibility and road
scale, the significance scale of ecological impact assessment is found for each criterion,
so as to make the assessment results more detailed and reasonable. At the same time,
foreign scholars have also conducted rich and extensive studies on the index system of
eco-environmental impact assessment [9]. In 2018, Richard Damania, Jason Russ and
others [10] simulated the interaction within the Democratic Republic of Congo through
two simulations, the impact of infrastructure construction on ecological environment
has been quantitatively studied. In 2018, ten recent environmental impact assessments
conducted by Cathryn Clarke Murray et al. [11] in British Columbia, Canada, system-
atically reviewed and scored significance tests and methods used by assessors, the use
of thresholds in significance tests, threshold exceedances and results. Governments and
institutions can better protect resources in the above ways, so that the threshold set by
the government has legal effect and accountability. In 2020, Cristina Mata et al. [12]
built wildlife corridors on roads and railway lines to rebuild connectivity. However, lit-
tle is known about whether predator-prey interactions bring down the effectiveness of
cross structures. Finally, it is concluded that the number of more extensive structures
can be increased during the construction process to bring down the risk of predator-prey
encounter, and structural heterogeneity and shelter can be added to reduce the possibility
of predator-prey interaction. To sum up, foreign countries attach great importance to the
protection of the ecological environment, and researchers try different evaluation meth-
ods to establish a scientific index system. However, most of the environmental detection
research during the construction period is still focused on the road, while the railway
research is relatively few, so more attention should be paid to the railway.

The research and exploration on the protection of ecological environment in trans-
portation engineering projects in China started relatively late, but the development speed
is relatively fast. However, it is often concentrated on the environmental protection of
highway, and the impact assessment of railway ecological environment is rarely studied.
In 2006, Liu Li [13] found that the ecological impact assessment index was difficult
to quantify, and adopted the dominance principle in landscape ecology to analyze the
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changes of dominance before and after construction, so as to complete the impact assess-
ment of the ecosystem. In 2007, Li Botao [14] established the PSR model, selected the
impact indicators of railway ecological environment from the three aspects of “pres-
sure”, “state” and “response”, and used the fuzzy analytic hierarchy process to evaluate
the impact of railway ecological environment and obtained the evaluation results. In
2010, Zhang Xiaoyu [15] used the PSR model to establish the ecological risk index
system of high-speed railway, and used the graph overlay method in GIS technology to
evaluate each index respectively. Finally, grey clusteringmethodwas adopted to evaluate
the overall impact of ecological environment. In 2016, Feng Caimin [16] adopted DSR
model to select environmental risk indicators of railway from three aspects: “driving
force”, “state” and “response”. In 2018, Hao Jingwen [17] used the improved BP neural
network algorithm to establish an ecological environment evaluation index system from
three aspects: ecology, environment and landscape, and evaluated the ecological impact
of railway engineering on nature reserves.

The ecological environment monitoring plan for railway construction projects [18–
20], including monitoring indicators, monitoring methods, monitoring scope, monitor-
ing points, monitoring frequency, etc., is used to guide the design, implementation, and
reporting of specific ecological environment monitoring plans for railway construction
projects, especially the monitoring indicators and data acquisition methods. It can be
integrated with national and regional ecological environment monitoring. In the process
of railway construction projects, it is necessary to timely assess the impact of railway
construction on the ecological environment and feed back to the environmental protec-
tion management of railway construction projects, so as to better guide the construction
and help decision-making. In monitoring indicators and data acquisition methods [19,
21–25], it requires the guidance of ecological professional engineers to get such as veg-
etation coverage, vegetation index, biomass, and biodiversity acquisition and analysis,
etc. Therefore, it is necessary to study more simple and feasible evaluation indicators,
data acquisition methods and evaluation methods. Even if there is a lack of ecological
professionals, general staff can still carry out the implementation, and use data collection,
field investigation and rapid monitoring methods to assess the ecological environment
of railway construction projects more quickly and concisely. At the same time, from
the perspective of railway environmental protection management, it may be possible
to realize the comparison between the same construction project in different periods
and different construction projects, so as to better promote the ecological environmental
protection level of railway construction projects.

2 Materials and Methods

2.1 Ecological Environment Quality Evaluation Index System of Railway
Construction Project

With reference to the Technical Specification for Assessment of Ecological Environment
Status (HJ/T 92-2015) issued by theMinistry of Environmental Protection inMarch 2015
(https://www.mee.gov.cn/), based on the ecological environment monitoring indexes of
railway construction projects and in accordance with the principles of operability and
feasibility, the second selection and modification of the selected monitoring indexes are

https://www.mee.gov.cn/
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carried out. The ecological environmental quality evaluation Index system of railway
construction projects is established (Table 1). Ecological environmental quality Index
(REI) of railway is used to assess the ecological environmental status of railway con-
struction projects, reflecting the impact and restoration of railway construction on the
overall state of regional ecological environment to a certain extent.

Table 1. Ecological environmental quality as assessment index system of railway construction
project.

Type Evaluation content Evaluation index

Land occupation and
restoration

Land occupation Normative land occupation index

Temporary land restoration Temporary land protection and
restoration index

Land desertification Land desertification control
index*

Environmental
governance

Sewage control Sewage control index

Dust control Dust control index

Plants and vegetation Vegetation protection Vegetation protection index

Key plant protection Key plant protection index*

Wild animal Key wild animal protection Wild animal protection index*

Ecological water
demand

Natural water Ecological water demand
protection index*

Restrictive factors Environmental limiting factor Environmental restriction index
* Note: the index of land desertification control degree, key plant protection degree, wild animal
protection degree and ecological water demand protection degree are the characteristic monitoring
indexes, that is, the indexes to be adopted if the railway construction project has the necessary
monitoring and evaluation of the content.

2.2 Evaluation Methods of Ecological Environmental Quality of Railway
Construction Projects

(1) Calculation method of ecological environment quality index

The Ecological Environment Quality Index (REI) of railway construction projects=
(Normative land occupation index+ Temporary land protection and restoration index+
Land desertification control index+ Sewage control index+ Dust control index+ Veg-
etation protection index+ Key plant protection index+ Wild animal protection index+
Ecological water demand protection index)/n - Environmental restriction index.

Among them, Land desertification control index, key plant protection index, wild
animal protection index and ecological water demand protection index are optional
characteristic monitoring indicators, and n is the number of monitoring indicators.
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(2) Calculation method of ecological environment evaluation index

The calculation methods of 10 evaluation indicators (https://www.mee.gov.cn/) are
shown in Table 2. Each indicator ranges from 0 to 100. As a binding index, the environ-
mental restriction index refers to the limitation and regulation of the ecological environ-
ment status according to the severe destruction of ecological balance and environmental
contamination caused by railway construction projects within the scope of evaluation.
The specific contents are shown in Table 3.

Table 2. Calculation method of REI of railway construction project.

Evaluation index Calculation method Positive/negative

Normative land occupation index The number of construction points of
normative land occupation / Total
number of points in the survey ×
100%

Positive

Temporary land protection and
restoration index

The temporary land protected and
restored / Total temporary land use ×
100%

Positive

Land desertification control
index*

The length of lines to take control
measures of desertification / Length of
railway line located in extremely
sensitive area of desertification ×
100%

Positive

Sewage control index The number of monitoring points with
the sewage up to the standard / Total
number of monitoring points × 100%

Positive

Dust control index The number of points with the
difference between monitoring points
and reference points less than
0.5 mg/m3/ Total number of
monitoring points × 100%

Positive

Vegetation protection index The number of points with the
biodiversity loss less than 10%/ Total
number of monitoring points × 100%

Positive

Key plant protection index* The number of points with no damage
to key plants / Total number of
monitoring points × 100%

Positive

Wild animal protection index* The number of points with no wild
animal being hunted or habitat
destroyed / Total number of
monitoring points × 100%

Positive

(continued)

https://www.mee.gov.cn/
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Table 2. (continued)

Evaluation index Calculation method Positive/negative

Ecological water demand
protection index*

The number of points with no
ecological water loss / Total number of
monitoring points × 100%

Positive

Environmental restriction index Limiting factor Negative
* Note: land desertification control index, key plant protection index, wild animal protection index
and ecological water demand protection index are optional characteristic monitoring indicators.

(3) Classification and change analysis of ecological environment status

According to the ecological environment status index (EI), the ecological environ-
ment is classified into five levels, namely excellent, good, average, poor and worst
(Table 4). According to the change of the ecological environment status index and the
base value, the change amplitude of the ecological environment quality is classified
into four levels, namely no obvious change, slight change, obvious change, significant
change (Table 5). The grading evaluation method of the change of each sub-index can
refer to the grading of the change degree of ecological environment status (https://www.
mee.gov.cn/).

Table 3. The specific constraint content of environmental restriction index.

Classification Reason of judgment Constraint content

Emergent
environmental
incident

Very large
environmental event

According to the
“Emergency Plan for
Environmental
Emergencies”, if there
is an emergency
environmental event of
very large, major, larger
or general grade caused
by railway construction
project in the region, if
there is more than one
emergency
environmental event in
the evaluation region,
the most serious grade
shall prevail

The ecological
environment cannot be
classified “excellent” or
“good”, and the quality
level of the ecological
environment should be
reduced by one level

Major
environmental event

Larger
environmental event

The quality level of
ecological environment
is reduced by one levelGeneral

environmental
events

(continued)

https://www.mee.gov.cn/
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Table 3. (continued)

Classification Reason of judgment Constraint content

Ecological damage
and environmental
pollution incidents
and cases

Environmental
pollution

There are cases of
environmental
pollution or ecological
damage caused by
railway construction
projects notified by
competent department
of environmental
protection or reported
by state media
(including areas
exceeding standards in
public environmental
quality reports)

If there are
environmental
pollution or ecological
damage events reported
by the Ministry of
Environmental
Protection, the
ecological environment
cannot be classified
“excellent” or “good”,
and the quality level of
the ecological
environment should be
reduced by one level;
For other types of
environmental
pollution or ecological
damage, the ecological
environment level is
reduced by one level

Ecological
destruction

Ecological
environment illegal
cases

There are violation
cases of ecological
environment caused by
railway construction
projects reported by
competent department
of environmental
protection or listed for
supervision

The ecological
environment quality
level is reduced by 1
level

Table 4. Classification of ecological environment status.

Classification Excellent Good Average Poor Worst

Index EI ≥75 55≤ EI <75 35≤ EI <55 20≤ EI <35 EI <20

Table 5. Classification of change degree of ecological environment status.

Classification No obvious change Slight change Obvious change Significant change

Variation |�EI|<5 5≤ |�EI|<10 10≤ |�EI|<20 |�EI|≥20
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3 Results and Analysis

The Nanping-Longyan railway laying in the Fujian province opened On Dec. 25th,
2018. This study takes Nanping-Longyan railway as an example to study its ecological
environment status and changes through ecological environmental quality evaluation, so
as to promote the environmental protection level of railway construction projects. The
data source selected the evaluation index of Nanping-Longyan railway from the third
quarter of 2016 to the fourth quarter of 2017, the calculation results are shown in Table 6.

Table 6. Evaluation result of ecological environment quality of Nanping-Longyan Railway.

Evaluation index 2016 2017

Third
quarter

Fourth
quarter

First
quarter

Second
quarter

Third
quarter

Fourth
quarter

Normative land
occupation index

85 90 85 93 95 95

Temporary land
protection and
restoration index

55 60 60 65 70 80

Sewage control
index

78 80 85 90 95 100

Dust control index 75 85 95 95 100 100

Vegetation
protection index

80 85 85 90 100 100

Ecological water
demand
protection index

80 80 80 100 100 100

Environmental
restriction index

0 0 0 0 0 0

REI 75.5 80.0 81.7 88.8 93.3 95.8

Through monitoring and calculation (Table 6 and Fig. 1), the REI of Nanping-
Longyan railway during the simulation period (from the third quarter of 2016 to the
fourth quarter of 2017) was 75.5, 80.0, 81.7, 88.8, 93.3 and 95.8, respectively. The
overall score was high and showed a trend of improvement. According to the ecological
environment status index, the ecological environment of Nanping-Longyan railway in
2016–2017 is the highest level, that is, excellent. Due to the construction standards,
the impact on the ecological environment and land resources is relatively small, with a
high degree of environmental governance and better protection of animals and plants,
ultimately bringing an improvement in the quality of the ecological environment.
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Fig. 1. Evaluation result of ecological environment quality of Nanping-Longyan Railway.

4 Discussion and Conclusion

(1) From the perspective of guiding environmental impact assessment, construction and
management, data collection is the fastest for engineering data, graphical overlay
method is themost practical for ecological monitoring content, and standard analysis
method is the most practical for environmental monitoring content. In short, simple
and practical evaluationmethods are easier to accept and realize in actual monitoring
work. However, it is necessary to pay attention to the credibility of the collected data
and conduct checks.

(2) This study puts forward indicators, data acquisition methods and evaluation meth-
ods suitable for guiding the ecological environmental quality evaluation of railway
construction projects. Compared with existing monitoring schemes and monitoring
indicators, they are simpler and more feasible, and can be implemented by general
staff even in the absence of ecological professionals. At the same time, from the
perspective of railway environmental protection management, it may be possible to
realize the comparison between the same construction project in different periods and
different construction projects, so as to better promote the ecological environmental
protection level of railway construction projects [5, 6].

(3) In this study, the index used for the ecological environmental quality evaluation of
railway construction projects adopts the calculation method of uniform weight, that
is, the indexes based on land occupation and restoration, environmental governance,
plant and vegetation, wild animal, ecological water demand are equally important
in the evaluation of railway ecological environmental quality. In the next research,
weight analysis can be carried out on these ecological environmental quality eval-
uation indicators, so as to make it more convenient for ecological environmental
evaluation of railway construction projects.
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Abstract. TheFujian-GuangdongPowerGrid Project is of significant importance
for the research on the changes in landscape patterns and the impact factors on bio-
diversity along the Fujian-Guangdong interconnection line, as it is a key project in
the national “14thFive-Year Plan” for power development. This study aims to com-
bine forest disturbance observation to assess the extent of forest destruction and
recovery along the line and to analyze the influencing factors of landscape patterns
and biodiversity changes using relevant indices. We utilized the COLD algorithm
to monitor forest disturbances and calculated three landscape indices, including
patch number, largest patch index, and Shannon’s diversity index. We found that
the power grid project has caused certain damage to the forests, but they have been
able to recover within 3 to 4 months after construction completion. Through index
analysis, we observed that a 1000-m buffer zone is most suitable for analyzing
the landscape pattern around the power station. Furthermore, factors such as the
power of wind turbines and the age classification of the surrounding forests have
an impact on the landscape pattern. These findings can provide assistance for eco-
logical conservation and restoration along the Fujian-Guangdong interconnection
line, as well as serve as a reference for future environmental analysis of power
grid projects.

Keywords: Forest Disturbance · Landscape Pattern · Forest Age

1 Introduction

On September 30, 2022, the key project of the national “14th Five-Year Plan” for power
development, the Fujian-Guangdong Interconnection Project, was officially completed
and put into operation [1]. Thismilestone signifies the first-ever interconnection of power
grids between Guangdong and Fujian provinces. The project has significant implications
for regional energy security, resource allocation, and the green transformation of energy.
Spanning through Zhangpu, Yunxiao, and Pinghe counties in Zhangzhou City, within
the province of Fujian, the project traverses diverse ecological landscapes, experiences
variable climates, and possesses abundant biodiversity. Consequently, the study of land-
scape pattern variations and factors influencing biodiversity along the Fujian-Guangdong
interconnection line holds significant scientific value and practical significance.
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C.-H. Weng (Ed.): ACEER 2023, LNCE 336, pp. 189–200, 2024.
https://doi.org/10.1007/978-981-99-5716-3_16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-5716-3_16&domain=pdf
https://doi.org/10.1007/978-981-99-5716-3_16


190 J. Zhang et al.

Forest disturbance detection is one of the essential means to study landscape ecol-
ogy, utilizingmulti-source remote sensing data for monitoring andmanagement of forest
cover changes [2]. It enables the detection andmonitoring of forest disturbances by com-
paring changes between images captured at different time periods or through time-series
change patterns. Landscape patterns refer to the spatial organization and distribution
characteristics of surface landscape elements [3]. By analyzing landscape patterns, we
can investigate the factors andmechanisms of spatial pattern changes along the construc-
tion of the Fujian-Guangdong Interconnection Project, and determine the characteristics
of landscape evolution. Biodiversity encompasses the diversity of species, genes, and
ecosystems [4]. The regions along the Fujian-Guangdong Interconnection Project exhibit
abundant biodiversity.

In this study, we utilized Landsat and high-resolution satellite imagery to analyze
the Fujian-Guangdong interconnection line. Employing the COLD algorithm, we mon-
itored surrounding disturbances and observed the forest’s degradation and recovery.
Three landscape pattern indices, including patch count, were computed to analyze the
changes in landscape patterns across different spatial scales. Additionally, the changes in
three landscape pattern indices were also compared between different tower base power
and different forest age structures. Subsequently, the influencing factors of the landscape
pattern along the corridor were analyzed. Based on the results, we conducted an anal-
ysis of the ecological conditions along the line and provided assistance for subsequent
ecological conservation efforts.

2 Data and Study Area

2.1 Study Area

The study area is located within the boundaries of Fujian Province and forms part
of the Fujian-Guangdong interconnection power grid line, spanning approximately 70
km in length (Fig. 1). Geographically, it lies between 23°24′N and 25°15′N latitude,
and 116°51′E to 118°08′E longitude. The area boasts a unique geographical position,
characterized by diverse and complex topography, encompassing high mountains, hills,
plains, and coastal regions. Within Fujian Province, the region traversed by the Fujian-
Guangdong interconnection project mainly includes Zhangpu, Yunxiao, and Pinghe
counties, all of which fall within the subtropical monsoon marine climate zone. This
area exhibits a variety of ecological types, experiences diverse climatic changes, and
boasts a rich biodiversity, abundant with plant and animal resources [5].

2.2 Data

In this study, Landsat 8 and Gaofen-1 imagery were employed as data sources for anal-
ysis, playing a crucial role in Earth observation and environmental monitoring. The
Landsat 8 imagery is acquired by the joint operation of the National Aeronautics and
SpaceAdministration (NASA) and theUnited StatesGeological Survey (USGS) through
the Landsat satellite series [6]. With a spatial resolution of 30 m, this study primarily
utilized the red, green, blue, and near-infrared bands. The Gaofen-1 imagery belongs to



Analysis of the Spatial Changes and Influencing Factors 191

Fig. 1. The location of the study area. The red part in the picture is a part along the Fujian-
Guangdong grid.

the High-Resolution Earth Observation Satellite series, launched by the China National
Space Administration. Equipped with high-resolution optical sensors, the Gaofen satel-
lite provides imagery data at a higher spatial resolution [7]. In this study, the Gaofen-1
imagery used had a resolution of 2 m, allowing for clearer observation of changes in the
surrounding features of the tower base.

3 Methods

3.1 COLD Algorithm

The COLD (Continuous monitoring of Land Disturbance) algorithm is an enhanced
algorithm used for land disturbance monitoring, which builds upon and improves the
Continuous Change Detection and Classification (CCDC) algorithm [8]. It is designed
to monitor various types of land disturbances. It offers several advantages over existing
methods. Firstly, it provides high spatial (30m) and temporal (up to four days) resolution
automated accurate maps of land disturbance. Secondly, unlike many other disturbance
algorithms that rely heavily on the availability of training data or inputs from several
complicated algorithms, COLD detects land disturbance fully automated with Landsat
time series as the only input data. This streamlined approach simplifies the process and
improves efficiency. Thirdly,most of the rules and techniques used inCOLDare based on
ecological and biophysical processes that can be generalized for large areas and different
kinds of environments. This generalizability enhances the algorithm’s applicability and
robustness. Lastly, with some adjustments (e.g., region-based thresholds), the COLD
algorithm should have the capability of providing land disturbance maps for different
regions. This flexibility further extends its utility in various geographical contexts.

The COLD algorithm primarily consists of three stages: data preparation, model ini-
tialization, and continuous monitoring. A normalized change vector magnitude is used
as the threshold for change detection (Formula (1)). By continuously updating the model
and observing new data, the COLD algorithm enables the continuous monitoring and
extraction of land disturbances. With its optimized algorithmic workflow and rational
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judgment criteria, the COLD algorithm effectively monitors various types of land distur-
bances, including subtle changes, thereby providing more accurate and comprehensive
information on land changes.

k∑

i=1

(
ρi − ρ̂i

RMSEi

)2

∼ χ2(k) > χ2
0.99 (1)

where i is the ith band; k is Number of bands used for change detection; ρi is observed
value for the ith band; ρ̂i is predicted value for the ith band.

3.2 Landscape Pattern Index

When assessing landscape pattern changes, landscape pattern indices are commonly used
to characterize landscape fragmentation. In this study, three indices, namely patch num-
ber (N), largest patch index (LPI), and Shannon’s diversity index (SHDI), were selected
to describe landscape pattern changes. The N represents the total number of heteroge-
neous landscape elements in the landscape [9]. The LPI reflects the dominant patch types
in the landscape, indirectly indicating the direction and magnitude of human-induced
disturbances (Formula (2)) [10]. Shannon’s diversity index is an important indicator of
landscape heterogeneity, accurately identifying the spatial uneven distribution of differ-
ent patch types in the landscape. A higher value indicates a more diverse land use and a
more fragmented landscape (Formula (3)) [11].

LPI = Max(ai, . . . , an)

LA
(2)

where an represents the area of the nth patch, and LA represents the total landscape area
of the study area.

SHDI = −
∫ n

i=1
(pi ln pi) (3)

where pi represents the proportion occupied by the landscape patch type i.

4 Results

4.1 Analysis of Forest Disturbance and Recovery

Based on high-resolution time-series remote sensing images, this study utilized the
COLD algorithm to detect disturbance patterns around each tower base. Overall, within a
1.5 km× 1.5 km area surrounding each tower base, undisturbed areas were predominant,
indicating the accuracy of the detection results. Regarding the disturbed areas, the largest
extent of disturbance occurred during the construction phase of each tower base, aligning
with the actual construction timeline. By combining the time-series imagery with the
disturbance results, the analysis reveals that the forests in each area experienced three
stages: pre-construction stability, forest disturbance during construction, and gradual
recovery after construction completion. Furthermore, the extent of disturbance in each
area exhibited varying patterns due to different construction conditions, operational
status, and terrain characteristics.



Analysis of the Spatial Changes and Influencing Factors 193

We selected two representative regions for analysis, utilizing remote sensing imagery
before and after the disturbance. In the first region, the northwestern part shows the
disturbed area caused by construction activities (Fig. 2). By examining the extent of
disturbance and the occurrence of disturbance events in this area, it can be observed
that the construction of the tower base occurred in three stages. The first stage began in
November 2021 with tree felling, followed by the second and third stages in February
andMarch 2022, respectively. Based on the area of disturbance, it is evident that the third
stage had the largest construction scope, with the disturbance trend gradually increasing
from November 2021 and peaking in March 2022, followed by a decline indicating the
start of recovery. Furthermore, due to a temporary suspension of construction activities
and subsequent resumption the following year, the time span of disturbance in this area
was prolonged. It is possible that vegetation, which had started to recover after the first
stage, experienced repeated disturbance when construction activities resumed. Lastly,
based on the post-construction remote sensing imagery, despite experiencing prolonged
and multiple disturbances, some areas that experienced earlier disturbances (e.g., in
November of the previous year) showed signs of vegetation greening and recovery by
June 2022.

In the second region, combining the analysis with remote sensing imagery (Fig. 3),
it can be observed that the central part of the area consists of scattered disturbed areas
arranged horizontally from east to west. These point-like areas correspond to tower bases
required for the construction of the power line. The disturbed areas are linearly aligned,
following the alignment of the power line. Based on the occurrence time of disturbance
in these areas, it is evident that several tower bases were disturbed simultaneously during
the period from February to April 2022, suggesting synchronized construction with a
relatively short duration. The disturbed areas are relatively small and generally consistent
with the size of the tower bases. The terrain in this region exhibits minimal variation,
making construction less challenging and allowing for a shorter construction period.
Therefore, in the post-construction imagery from June 2022, it can be observed that the
majority of the areas that underwent disturbance have already started to recover.

In conclusion, the forest disturbances within the study area exhibit various patterns
influenced by construction conditions, difficulty, terrain, and other factors. Although the
degree of disturbance, duration, and frequency of repetitions vary, resulting in varying
degrees of damage to the forest, it is noteworthy that the majority of the areas begin to
recover within 3 to 4 months after construction completion.

4.2 Changes in Landscape Pattern Across Different Spatial Scales

Tables 1–3 display the results of four indices calculated within buffer zones of 500 m,
1000 m, and 1500 m around the tower bases. The majority of tower base points show
an increasing trend in the N index as the buffer zone expands. This is because as the
range increases, the complexity within the area increases, resulting in a higher number
of fragmented patches in the environment. Therefore, in larger buffer zones, the analysis
includes a greater variety of land cover types and landscape features, leading to an
increase in the N index. However, there are a few tower base points, such as 1#-P1
and 41#-P1 plots, that exhibit a decreasing trend followed by an increasing trend as the
range expands. This is because, within the 1000-m range of these plots, the proportion
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Fig. 2. Temporal imagery and disturbance map around the tower base (bottom right). From left to
right, top to bottom: 2021/01 – no construction, 2022/01 – construction begins with disturbances,
2022/06 – construction completed and vegetation recovery initiates.

Fig. 3. Temporal imagery and disturbance map around the tower base (bottom right). From left to
right, top to bottom: 2021/01 – no construction, 2022/01 – construction begins with disturbances,
2022/06 – construction completed and vegetation recovery begins.

of forests is higher and more concentrated. Thus, when the range expands from 500 m
to 1000 m, these two indices decrease due to the inclusion of relatively fewer land cover
types. However, when the range expands from 1000 m to 1500 m, the land cover types
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become more complex and fragmented, resulting in an increase in the indices. This
variation indicates that the differences in landscape features and land cover distribution
within different tower base plots can lead to varying trends in the indices across different
ranges.

The variation of the LPI and the SHDI does not exhibit a clear pattern compared to
the first two indices. This is because the LPI is determined by the largest patch within
each tower base, and the size of the index varies as the range expands due to the different
largest patches in each area. Additionally, the LPI is also influenced by other factors
such as landscape shape and layout. In contrast to the LPI, the SHDI depends on the
location of the tower base. If the tower base is located at the edge of a town, the inclusion
of the town will increase the SHDI as the range expands. This is because areas at the
edge of towns typically have higher landscape heterogeneity, and as the range expands,
a greater variety of land cover types enter the range, thereby increasing the landscape
heterogeneity. Therefore, the variation of the maximum patch index and the SHDI may
exhibit different patterns in different situations, depending on the location of the tower
base and the characteristics of the surrounding landscape.

Based on the above analysis, it can be observed that when studying the spatial land-
scape pattern of tower bases, selecting a range that is too large can easily be influenced
by factors outside the tower bases, such as urban areas, leading to distorted analysis
results. On the other hand, choosing a range that is too small may overlook the influence
of some tower bases on the surrounding environment, failing to capture the complete
picture of these impacts and limiting a comprehensive understanding of the tower base
landscape pattern. Therefore, using a 1000-m buffer zone around the tower bases as an
appropriate spatial range for landscape pattern analysis is reasonable. This range takes
into account the influence range of the tower bases themselves while avoiding excessive
interference from non-tower base factors.

Table 1. Results of Four Indices within the 500-m Buffer Zone of Each Tower Base.

Tower Number N LPI SHDI

1#-P1 401 0.020877747 1.589290704

41#-P1 411 0.015906553 1.520274484

45#-P1 359 0.011628534 1.77377741

46#-P1 400 0.013777854 1.768775916

49#-P1 356 0.016420486 1.572914525

50#-P1 337 0.018135183 1.526265123

51#-P1 411 0.013625577 1.617397436

1#-P1 432 0.014973859 1.617760735
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Table 2. Results of Four Indices within the 1000-m Buffer Zone of Each Tower Base.

Tower Number N LPI SHDI

1#-P1 354 0.011939432 1.573959316

41#-P1 405 0.022186374 1.543204838

45#-P1 393 0.021334577 1.770785108

46#-P1 468 0.012851505 1.754516155

49#-P1 389 0.015122963 1.630979635

50#-P1 379 0.009883699 1.610842823

51#-P1 439 0.010979773 1.56191216

1#-P1 434 0.011149497 1.625540084

Table 3. Results of Four Indices within the 1500-m Buffer Zone of Each Tower Base.

Tower Number N LPI SHDI

1#-P1 372 0.014042752 1.513284449

41#-P1 414 0.018599944 1.592059453

45#-P1 377 0.016241244 1.767096902

46#-P1 465 0.008903419 1.741417489

49#-P1 369 0.012960954 1.682751152

50#-P1 366 0.02286686 1.659907154

51#-P1 461 0.021139473 1.600264799

1#-P1 443 0.011530189 1.60429509

4.3 Influence of Different Factors on the Landscape Pattern Along the Line

While the selection of spatial range indirectly affects the distribution of landscape pat-
terns, there are other factors that directly impact the degree of landscape fragmentation.
Based on While the selection of spatial range indirectly affects the distribution of land-
scape patterns, there are other factors that directly impact the degree of landscape frag-
mentation. Based on this, this study investigates the influence of tower base power and
forest age structure on landscape patterns. We selected three different tower base power
levels (110 kV, 220 kV, 500 kV) and calculated the changes in three landscape indices
within a 1000-m buffer zone (Fig. 4). From the figure, it can be observed that both the
number of patches and Shannon’s diversity index increasewith the increase in tower base
power. However, the maximum patch index initially decreases and then increases with
the increase in tower base power. This indicates that as the tower base power increases,
the surrounding landscape becomes more fragmented, leading to greater disturbance.
The reason for this may be that low-power tower bases have smaller land areas, and the
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Fig. 4. Changes in landscape pattern indices around three different tower base power levels.

construction process involves minimal entry of large vehicles, resulting in lower vege-
tation disturbance. This study investigates the influence of tower base power and forest
age structure on landscape patterns. We selected three different tower base power levels
(110 kV, 220 kV, 500 kV) and calculated the changes in three landscape indices within
a 1000-m buffer zone (Fig. 4). From the figure, it can be observed that both the num-
ber of patches and Shannon’s diversity index increase with the increase in tower base
power. However, the maximum patch index initially decreases and then increases with
the increase in tower base power. This indicates that as the tower base power increases,
the surrounding landscape becomes more fragmented, leading to greater disturbance.
The reason for this may be that low-power tower bases have smaller land areas, and
the construction process involves minimal entry of large vehicles, resulting in lower
vegetation disturbance.

Two tower bases were selected with different surrounding forest age levels (average
age of 15 years and 30 years), and the three landscape pattern indices for January 2021
and March 2023 were compared (Fig. 5), representing the period before and after the
construction of the power project, respectively. From the figure, it can be observed
that the number of patches decreases with higher forest age levels. The maximum patch
index and Shannon’s diversity index increasewith increasing forest age during the period
of maximum disturbance, but decrease with increasing forest age at the current stage.
Areas with higher forest age levels tend to be densely wooded forest areas. Therefore,
constructing power projects in these areas may be more challenging. Additionally, the
recovery rate in these areas may be slower compared to areas with lower forest age,
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possibly because mature forests take longer to recover from the damage caused by
construction activities.

Fig. 5. Changes in three landscape pattern indices under different surrounding forest age levels.

5 Discussion

This study analyzed the forest disturbance around multiple tower sites and assessed the
degradation and recovery of three forest regions. However, there are uncertainties asso-
ciated with the forest disturbance results, primarily stemming from both the imagery
and the algorithm used. In terms of imagery, we utilized high-resolution imagery from
the GF-1 satellite [12]. However, variations in reflectance between adjacent images
due to factors like clouds and sensor quality may lead to erroneous detection results.
Despite selecting high-quality imagery data, these influences still persist. Additionally,
we employed the COLD algorithm for forest disturbance monitoring, which has some
limitations such as temporal lag and potential errors in threshold adjustments, leading to
some degree of inaccuracy. Nevertheless, these errors have a minor impact on the final
disturbance monitoring results and do not significantly affect the reliability of the find-
ings. Therefore, despite the uncertainties and limitations associatedwith the imagery and
algorithm, the results of this study still maintain a high level of credibility. We selected
high-quality imagery data and employed a reliable disturbance monitoring algorithm
to ensure the accuracy and reliability of the results. However, when interpreting and
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discussing the results, it is important to acknowledge these uncertainties and limitations
and provide appropriate discussions and explanations to better understand and interpret
the research findings.

The power grid project has achieved good results in vegetation restoration, and the
restoration will basically take 3–4 months. At the same time, the 1000-m buffer zone is
most suitable for analyzing the landscape pattern around the power station, which takes
into account the environment around the tower and can be applied tomost power stations.
The article also found that the power of wind turbines and the age class of surrounding
forests can have an impact on landscape patterns and that for high-power and older forest
environments, increased forest restoration efforts are needed. Taking different restoration
measures according to the power of the power station and the surrounding environment
can improve the restoration efficiency and contribute to the ecological restoration of the
power grid project.

6 Conclusion

This study focused on a section of the Fujian province along the Fujian-Guangdong
Interconnection Project as the research area. Based on high-resolution time-series remote
sensing imagery, the COLD algorithmwas used to detect disturbancemaps at each tower
site, enabling the analysis of forest degradation and recovery around the tower sites.
Additionally, comparisons were made regarding landscape pattern changes at different
spatial scales and the impact of various factors on landscape patterns. The following
conclusions are drawn:

(1) The electrical grid construction projects in the study area caused varying degrees of
forest damage, butmost areas began to recoverwithin 3 to 4months after construction
completion.

(2) Landscape pattern changes varied across different spatial scales, with the 1000-m
buffer zone being the most suitable for analyzing landscape patterns around the
power projects.

(3) The power of wind turbines and the age class of surrounding forests can have an
impact on the landscape pattern. Under different power and age class combinations,
the extent to which the landscape pattern around wind turbines is affected varies.
Higher turbine power results in a more fragmented landscape. Older surrounding
forests take longer to recover the landscape pattern.

The results of this study indicate that although the Fujian-Guangdong Interconnec-
tion Project caused some degree of forest damage along the transmission lines, the forests
have shown signs of recovery, likely due to the implemented restoration measures. The
findings on landscape patterns and biodiversity not only provide valuable insights for
the ecological restoration of the interconnection project but also serve as a reference for
future power engineering projects. Therefore, this research holds scientific and practical
value, contributing to both scientific understanding and guiding practices in the field.
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Abstract. The increasing number of power lines eachyear has a significant impact
on bird biodiversity, while the control of birds at high risk from power grid projects
is a guarantee of safe and reliable power grid operation. From both the perspective
of safety and biodiversity conservation, how to achieve harmonious coexistence
between birds and power grid projects has become an urgent scientific problem to
be solved. This study investigates the impact of power grid projects on bird diver-
sity by investigating birds in and around power grid projects in Fujian Province,
and proposes suggestions for power grid projects to protect bird diversity. The
results show that future power grid projects should try to avoid increased forest
fragmentation, and temporary construction roads should be restored as soon as
possible in order to preserve animal passage. The affected migratory birds in the
power grid deployment area under study are mainly finches and a few raptors, and
according to the migration pattern of these two types of birds, construction during
the birdmigration season inMarch andOctober should be avoided asmuch as pos-
sible during the construction of power grid, especially the night-time construction
of large converter stations and substations.

Keywords: Electric Power Grid Projects · Pylon · Electric Power Lines · Bird
Diversity · Bird Conservation

1 Introduction

The control of birds at high risk from power grid projects is essential for the safe and
reliable operation of power grids [1], while the increasing number of transmission lines
each year also has a significant impact on bird biodiversity [2, 3]. The lines and pylons
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of the power grid project are known to cause injury to wildlife, mainly birds, through
collisions [4], electrocution [5] and electromagnetic fields [6]. On the positive side,
electricity pylons are used as nesting platforms by birds, raptors such as the white stork
Ciconia ciconia [2] and as calling posts, resting and roosting sites [5]. However, most
of these studies have focused on Europe and the United States, and there are fewer
studies in China. How to achieve harmonious coexistence between birds and power
grid projects is an urgent scientific question, both from the perspective of safety and
wildlife conservation. At the same time, the conservation of biodiversity in the course
of large-scale linear construction projects has become a global initiative, attracting the
attention of all sectors of society, including companies and biodiversity public interest
groups [7–9]. How to move from early grid protection to harmonious coexistence with
the ecological environment is one of the urgent tasks to be carried out for future power
grids. This study investigates power grid projects under construction in Fujian Province
and the birds in their vicinity to clarify the impact of power grid projects on bird diversity
and to suggest power grid projects to protect bird diversity.

2 Materials and Methods

2.1 Study Area

The present study site is Zhangzhou City and Nanping City, Fujian Province, China.
Zhangzhou City is located in the southernmost part of Fujian Province, between longi-
tude 116°54′–118°08′ East and latitude 23°34′–25°15′ North, with a land area of 12,600
square kilometers and a sea area of 18,600 square kilometers. It is a southern subtropical
maritime monsoon climate type, with an average annual temperature of 21 °C and an
annual rainfall of 1,500 mm. Nanping City is the northern gate of Fujian, located in the
southeast of the Wuyi Mountains and the upper reaches of the Min River, with longi-
tude 117°00′–119°25′ east and latitude 26°30′–28°20′ north. It’s a central subtropical
monsoon climate, with an average annual temperature of 19.3 °C and an annual rainfall
of 1660 mm. The subjects of this study are the Min-Yue Power Project (line length in
Fujian 48.8 km) within the Zhangzhou city area and the Xiangshan Power Project (total
length 31.2 km) within the Nanping city area (Fig. 1).

Min-Yue Power Project, also known as the Fujian-Guangdong networking project
is the sixth back-to-back project in China, a landmark project to deepen cooperation
between the State Grid and the Southern Power Grid, and is the second interconnection
channel between the State Grid and the Southern Power Grid [10]. Upon completion, the
Min-Yue interconnection project realizes the interconnection of the power grids of Fujian
and Guangdong provinces. The project enables the power grids of the two provinces to
complement each other’s surplus and the two provinces to standby each other. The
Min-Yue interconnection project can bring certain peak-shaving benefits and allow for a
greater scope of optimized resource allocation. In addition, the interconnection of the two
power grids will provide additional “blood” to resist natural disasters such as typhoons
and rainstorms. At the same time, it is conducive to giving full play to the advantages
of clean energy resources in Fujian Province, further optimizing the energy structure of
the Guangdong-Hong Kong-Macao Greater Bay Area and the Economic Zone on the
West Coast of the Taiwan Strait, and is an important demonstration for building a clean,
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Fig. 1. Map of study area. Locations of power grid projects are shown.

low-carbon, safe and efficient energy system to ensure regional energy security. The
project is of great significance to the implementation of the new national energy security
strategy, the realization of a larger optimal allocation of energy resources, the service
of carbon peaking and carbon neutral objectives, and the construction of a new power
system with new energy as the mainstay.

TheXiangshan Transformation Project is located in the YanpingDistrict of Nanping,
Fujian Province, which is an important ecological function area for water conservation
and biodiversity protection of river sources. At the same time, Yanping District is the
core of Nanping’s economic development, with a concentration of industrial users in
the area and is the load center of Nanping’s power grid. And the project can be for
driving the development of peripheral townships, advance planning and construction,
and guarantee the township power construction steadily, so planningNanpingXiangshan
change project is necessary for local development.

2.2 Data Handling

From February to April 2023, two representative high-voltage transmission lines in
Fujian Province, the Min-Yue Interconnection Project (500 kV) and the Xiangshan
Transformation Project (110 kV), were selected for bird surveys based on bird phe-
nological characteristics. The sample line method was mainly used to survey the areas
along the power grid projects and the birds residing on the pylons. Based on the sam-
ple line method, a total of 615 bird data were collected along the power grid projects
involved in the project (Table 1).
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Three indices of conservation status were used: (1) a modified category of IUCN
conservation status, (2) the protected birds at national level defined by List of National
KeyWildlife Protection and (3) three valuable animals defined by National Forestry and
Grassland Administration [11–13].

The study was conducted (1) to compare the impact of different levels of power
grid projects (500 kV and 110 kV) on bird diversity, (2) to compare the diversity of
birds at different distances (within 1 km and beyond 1 km) from power grid projects,
(3) to compare the diversity of birds at different stages of power grid projects such
as construction (within 1 km) and maintenance (within 1 km), (4) and to compare the
diversity of birds using power grid project hardware (e.g., power lines and pylons). (5)
Finally, the possible impact of the power grid project on the migration of migratory birds
in the area is explored.

Table 1. Characteristics of bird diversity along the power grid project area.

No. Site Data Bird diversity Migratory
bird

Protected
birds at
national level
II

ICUN status Three
valuable
animals

1 ZZ 443 8 Order
23 Family

7 Centropus
sinensis

LC 68%

Spilornis
cheela

LC

2 NP 172 11 Order
27 Family

9 Lophura
nycthemera

LC 50%

Centropus
sinensis

LC

Spilornis
cheela

LC

Ictinaetus
malaiensis

LC

Buteo
japonicus

LC

Glaucidium
brodiei

LC

Glaucidium
cuculoides

LC

Note: ZZ stands for Zhangzhou Min-Yue Interconnection 550 kV Project and NP stands for
Nanping Xiangshan Transformation 110 kV Project. The three valuable animals refer to wild
animals that are beneficial, have important economic value and scientific research value.
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3 Results

3.1 Characteristics of Bird Diversity Along the Electric Power Grid Project Area

There were significantly more bird diversity and “three valuable animals” of birds
recorded along the 500 kV power grid project than the 110 kV power grid project,
which is significantly related to the length of the line. The species of national protected
birds and migratory birds along the 110 kV power grid project were higher than those
of the 500 kV power grid project, which may be related to the area where the 110 kV
power grid project is located (Table 1).

A higher proportion of the birds in Zhangzhou are “three valuable animals”. This
is probably due to the warmer and more humid climate in Zhangzhou, more economic
forests such as orchard, and more densely populated surrounding villages, where birds
aremore closely related to human activities and their food needs (especially pest species)
aremore diverse. In order to increase awareness of the need to protect the “ three valuable
animals”, it is recommended that in the future, in more economically developed areas,
grid companies increase education on biodiversity conservation for local residents.

Compared with the Zhangzhou area, the Nanping area is richer in bird diversity, with
more species of birds protected at national level andmore species of migratory birds than
in the Zhangzhou area, which is in line with the characteristics of the Nanping area as a
biodiversity-rich area, indicating that forests with a higher degree of protection are more
suitable for the survival of birds. The construction area of the Nanping Xiangshan Power
Grid Project is smaller, and maintaining a continuous forest helps to protect endangered
birds. Future power grid projects should try to avoid increased forest fragmentation, and
temporary construction roads, for example, should be restored as soon as possible in
order to preserve animal passage.

3.2 Spatial and Temporal Effects of Electric Power Grid Projects on Bird
Diversity

Spatial: Characteristics of Bird Diversity at Different Distances from Power Grid
Projects. A comparison of bird diversity characteristics between the pylon area (within
1 km) and the control area (beyond 1 km) (Table 2) shows that the pylon area has a lower
diversity of plant life available for nesting birds and is subject to a higher intensity of
human disturbance, resulting in a lower bird species and numbers than the control area.
Bird species in the pylon area are predominantly finches (Fig. 2) and are all resident
birds, with zero migratory birds (Fig. 3).

Temporal: Characteristics of Bird Diversity at Different Stages of Power Grid
Projects. A comparison of the birds in the construction stage (1 km range) and the
maintenance stage (1 km range) shows that the diversity of birds within 1 km of the
construction and maintenance stages of the pylons is dominated by finches, with few
differences in species (Table 3, Fig. 4). The main change is the decrease in the number
of national priority animals during the construction phase, especially raptors, which are
more sensitive to environmental changes and require a longer period of time to recover
after the cessation of human disturbance (Fig. 5).
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Table 2. Characteristics of birds in the power pylon area and control area.

Sample site The species of birds The number of birds Protected birds at national
level

Pylon area (<1 km) 7 21 None

Control area (>1 km) 44 441 2 (Class II)

Fig. 2. The classification of birds of the pylon area and control area.

Fig. 3. The number of migratory birds of the pylon area and control area.

Table 3. Characteristics of birds at different stages of power grid projects.

Stages of Project The species of birds The number of birds Species of protected birds at
national level

Construction stage 29 128 1 (Class II)

Maintenance stage 36 151 6 (Class II)
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Fig. 4. The classification of birds at different stages of power grid projects.

Fig. 5. The number ofmigratory and nonmigratory birds at different stages of power grid projects.

3.3 Utilization of Power Lines and Pylons by Birds in the Power Grid Project
Area

Some birds use pylons or power lines as important habitats for their behaviors such
as roosting and foraging (Table 4), especially resident birds of the order Finch, as a
behavioral feature of their adaptation to the environment (Figs. 6 and 7).

3.4 The Impact of Power Grid Project Construction on Migratory Birds

Migratory Bird Species Affected by the Construction of Power Grid
Projects. Migratory bird species – dominated by finches, only three species were
observed on power lines, mostly individuals moving around on grass or shrubs on the
ground (Table 5).

MigratoryBirdMigrationRoutes. There are nine knownglobal birdmigration routes:
1) the ‘Atlantic Migration Route’ which crosses the entire Atlantic Ocean linking West-
ern Europe, eastern North America and a narrow strip of West Africa; 2) the ‘Black
Sea/Mediterranean Migration Route’ linking Eastern Europe and West Africa; 3) the
‘East African West Asia Migration Route’ which crosses the Indian Ocean linking West
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Table 4. The different types birds of utilized powerline and pylon.

No. Types of behavior using powerlines Species Examples

1 Perching on a powerline 26

2 Nesting electric pylon 2

Fig. 6. The classification of birds of utilized power grid.

Fig. 7. The number of migratory and nonmigratory bird of utilized power grid.

and East Africa; and 4) the ‘Central Asian Migration Route’ which crosses the entire
Asian continent from south to north; 5) The ‘East Asia/Australia Migration Route’,
which crosses the Indian, Arctic and Pacific Oceans and connects the continents of East
Asia and Australia; 6) The ‘American Pacific Migration Route’, which runs along the
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Table 5. Migratory bird species affected by the construction of power grid projects.

No. Species Scientific Name Genus Activity

1 Black Bulbul Hypsipetes leucocephalus Passeriformes Yes

2 Dusky Warbler Phylloscopus fuscatus Passeriformes No

3 Pallas’s Leaf Warbler Phylloscopus proregulus Passeriformes No

4 Arctic Warbler Phylloscopus borealis Passeriformes No

5 Daurian Redstart Phoenicurus auroreus Passeriformes Yes

6 Blue Whistling Thrush Myophonus caeruleus Passeriformes No

7 Olive-backed Pipit Anthus hodgsoni Passeriformes Yes

8 Black-faced Bunting Emberiza spodocephala Passeriformes No

9 Yellow-browed Warbler Phylloscopus inornatus Passeriformes No

10 Gray Wagtail Motacilla cinerea Passeriformes No

11 Little Bunting Emberiza pusilla Passeriformes No

12 Black-faced Bunting Buteo japonicus Accipitriformes No

Notes: Activity means whether there is a habit of using power lines or pylons.

entire Pacific coast ofNorth andSouthAmerica; 7) The ‘AmericanMississippiMigration
Route’, which runs along the entire west-central part of North and SouthAmerica; 8) The
‘American Atlantic Migration Route’, which connects the entire eastern part of North
and South America and 9) ‘Pacific RimMigration Route’. Eastern China, especially the
coastal areas, is right on the ‘East Asia/Australia Migration Route’ [14].

Unlikewaterbirds, themigration routes of forest birds aremore complex and different
populations have different migration patterns, so it is difficult to judge their specific
migration times and routes. According to previous research data, there are two main
migration routes for forest birds arriving in Fujian Province, one by land, along the
Wuyi Mountains into Fujian, and one along the coastline from Zhejiang into Fujian
(Fig. 8).

Migratory Bird Migration Times. Summer migrant birds: start arriving in March
to begin preparing for breeding and leave after September, winter migrant birds: start
arriving in October and start leaving in March. Smaller birds of the order Finches often
migrate at night (Table 6).
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Fig. 8. Migratory bird migration routes affected by the construction of the power grid project
(Modifications on the basis of the web page [15]). Notes: Yellow star mark survey plots for this
study (Color figure online).

Table 6. Species of nocturnal migratory birds affected by power grid projects.

No. Species Scientific Name Genus Activity

1 Black Bulbul Hypsipetes leucocephalus Passeriformes Yes

2 Dusky Warbler Phylloscopus fuscatus Passeriformes No

3 Pallas’s Leaf Warbler Phylloscopus proregulus Passeriformes No

4 Arctic Warbler Phylloscopus borealis Passeriformes No

5 Daurian Redstart Phoenicurus auroreus Passeriformes Yes

6 Blue Whistling Thrush Myophonus caeruleus Passeriformes No

7 Olive-backed Pipit Anthus hodgsoni Passeriformes Yes

8 Black-faced Bunting Emberiza spodocephala Passeriformes No

9 Yellow-browed Warbler Phylloscopus inornatus Passeriformes No

10 Gray Wagtail Motacilla cinerea Passeriformes No

11 Little Bunting Emberiza pusilla Passeriformes No

Notes: Activity means whether there is a habit of using power lines or pylons.

4 Discussion

Our study shows that bird species richness is higher along 500 kV power grid project
than 110 kV power grid project, indicating that grid linear projects increase landscape
diversity and habitat diversity, which is consistent with the results of Kajzer-Bonk et al.
[8] on bird diversity along railway lines in southern Poland. Also, the impact of the
different phases of the power grid project on bird diversity shows that bird diversity
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increases significantly during the maintenance phase, indicating that some birds are
accustomed the pylons and power lines, while the degree of the power grid projects
still attracts some birds for nesting and stopping, which also indicates that the power
grid projects increase the heterogeneity of the homogeneous landscape from a landscape
perspective. These results confirm that such human-constructed environments, at least
in some cases, may not be harmful or may even be beneficial for biodiversity and should
not be neglected in modern nature conservation [16, 17]. It seems that power grid project
does not introduce new functional properties into forest landscapes, but they also do not
diminish existing properties, which is also worth noting in light of studies demonstrating
the opposite effects in other linear manmade habitats [8, 9]. The effect may also depend
on the landscape context. It is possible that in areas with more intense natural forest, the
differences in biology diversity would be higher.

5 Conclusion

The specific impact of power grid projects on migratory birds in the Fujian region is
subject to further study. According to the results of the current survey, future power grid
projects should try to avoid increased forest fragmentation, and temporary construction
roads should be restored as soon as possible in order to preserve animal passage. The
affected migratory birds in the power grid deployment area under study are mainly
finches and a few raptors, and according to the migration pattern of these two types
of birds, construction during the bird migration season in March and October should
be avoided as much as possible during the construction of power grid, especially the
night-time construction of large converter stations and substations.
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Abstract. As a linear project, the ecological environment along the railway con-
struction project is complex and changeable, with a high proportion of tunnels and
bridges, which makes ecological environmental protection management difficult
and requires regular investigation and monitoring of the impact of construction
on the ecological environment. Based on the characteristics of railway engineer-
ing, this study analyzes and summarizes the ecological environment monitoring
scheme and technical methods during railway construction, and then puts forward
relevant environmental protection measures. The results show that the ecologi-
cal environment monitoring of railway construction is generally divided into four
stages: preliminary investigation and analysis, monitoring sites, data collection
and work results. The monitoring content from macro to micro, from ecosystem
to plants, animals and other specific indicators. The main monitoring methods
include manual investigation, remote sensing monitoring, infrared trigger cam-
era trap, etc. According to the specific ecological characteristics and ecologi-
cal problems, the construction of a scientific and complete ecological environ-
ment monitoring program for railway construction is conducive to mastering the
trend of the ecological environment change in the process of railway construction,
and implement the environmental protection measures and construction project
environmental protection policies more pertinently.

Keywords: Ecological Environment Monitoring · Railway Construction ·
Ecosystem ·Wild Animals and Plants

1 Introduction

In order to solve the contradiction between railway construction and ecological envi-
ronment, it is necessary to carry out ecological environment monitoring for railway
construction projects, so as to grasp the change trend of ecological environment in the
process of railway construction and implement various environmental protection mea-
sures and constructionproject environmental protectionpoliciesmorepertinently [1]. For
railway construction projects, ecological environmental protection monitoring mainly
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includes themonitoring of environmental factorswithin a certain range along the railway,
the environmental impact and protection measures of main engineering and temporary
engineering such as roadbed, bridge and tunnel, the impact of construction process on
ecological environmental factors and pollution environmental factors and restoration
[2]. However, the railway construction period is long, the proportion of Bridges and
tunnels is high, and the region along the railway has the characteristics of significant
terrain elevation difference and fragile ecological environment, which brings various
difficulties to the scientific investigation and environmental management along the rail-
way, and also puts forward new demands for railway construction and environmental
protection. Therefore, it is necessary to study the ecological environment monitoring of
railway construction, so as to provide reference scheme design and technical methods
for railway environmental protection.

In 1965, the United States formulated the “Highway Beautification Regulations”,
paying attention to the visual coordination between the highway and the environment.
From the design to the construction stage, the requirements on environmental protection
are very strict. Try to avoid high filling and deep digging in the design, and carry out the
road landscape design, and set up monitoring systems in the key sections to detect the
air quality and environmental quality. In 1975, the 15th International Road Conference
in Mexico established a working group on “Road and Environment Problems”, which
proposed that new highways must consider environmental problems and carry out envi-
ronmental impact assessment, and put forward corresponding ecological environmental
protection measures in view of the impact. In the late 1970s, some countries estab-
lished laws and management mechanisms for highway environmental protection, taking
ecological environmental factors into account in the planning, design, construction and
operation stages, reflecting the principle of ecological priority from beginning to end,
with special emphasis on the study of wild animals and their habitats [3]. In the planning
and construction of highway network, environmental impact assessment is firstly carried
out, and then landscape design, environmental restoration and governance are carried
out. Ecological protection measures and highway construction are unified in planning,
design, construction and operation, and corresponding environmental investigation and
monitoring mechanisms are established at each stage.

The monitoring of macroscopic ecological changes around road areas before and
after road construction is an important research direction of road ecological monitoring.
Remote sensing technology, due to its greater selectivity in time and space, can pro-
vide decision-making basis for route selection and construction design influenced by
ecological environment, and provide data support for ecological environmental evolu-
tion research and ecological environmental protection along the road during and after
construction. Therefore, remote sensing technology is more and more applied in road
ecological monitoring to provide a comprehensive picture of the actual situation and
change process of the ecological environment in the process of highway construction and
operation. Bai et al. used remote sensing images to construct a potential-connectedness-
resilience framework and evaluated the landscape ecological risk level of China-Laos
Railway [4]. Guo et al. and Liu et al. analyzed the spatio-temporal dynamic changes
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of land use, vegetation types, desertification and soil erosion in the areas surround-
ing Beijing-Tianjin intercity high-speed railway and Hongliu River to Nuomao Lake
Railway by using remote sensing images [5, 6].

In addition to the above macro monitoring by satellite remote sensing images, fauna,
flora and biodiversity are important components of the ecological environment. The
changes of vegetation coverage and growth, animal population and habitat, biodiversity
and other micro indicators before and after operation have also attracted wide attention.
Researchers usually use artificial field survey combined with technology to analyze
the changes of vegetation along the road, its species diversity and plant physiological
characteristics, which can reflect the impact of road construction or operation on the
ecological environment. Ma et al. set up a vegetation survey quadrat on both sides of
Tongpu Railway to analyze vegetation diversity and environmental gradient on both
sides, and the monitoring index was the change of species diversity index, uniformity
index and richness index of shrub layer and herb layer [7]. Impacts of road construction
on animals aremostly shown as impacts onwildlife habitat quality. Zhang et al. compared
satellite remote sensing data before and after the construction of passenger dedicated
lines between Xi’an and Chengdu in 2010 and 2014 to analyze changes in vegetation
type, area and spatial distribution. Combined with the data of the fourth panda survey,
the impact of the Xicheng Passenger Dedicated Line on the panda habitat was evaluated.
The results showed that the direct impact of the construction period on the panda habitat
vegetation was small [8].

In the research process of monitoring and evaluation indicators, Huang and Wen
selected the indicators of comprehensive evaluation of road ecological health into five
aspects: engineering design class, land resources class, ecological environment class,
landscape greening class, management class [9, 10]. Zou et al. selected natural causes
(soil erosion, vegetation coverage, etc.) and impact performance (engineering interfer-
ence) to evaluate ecosystem integrity in the study of ecosystem evaluation in the Minle
to Yumen section of the second line of Lanzhou-Xinjiang Railway [11]. Li proposed
a remote sensing monitoring index system for road ecological environment, includ-
ing road network density, affected area, road length, width, affected width, land use
type/area, vegetation type/area/coverage, etc. [12]. Song established evaluation criteria
from three aspects of sensitive area protection, service function value and landscape
change, selected 16 indicators to construct a comprehensive evaluation system, and
used ecological impact comprehensive evaluation index to represent the impact degree
of railway engineering scheme design on the ecosystem [13].

The ecological environment monitoring of construction projects, especially highway
construction projects, is mainly macro monitoring during the construction process and
after operation. It mainly uses macro technical means to compare vegetation, land use
and landscape before and after construction, while there are relatively few researches
on micro monitoring of vegetation and soil along the route by artificial investigation.
With the emergence of new technologies such as unmanned aerial vehicles (UAVs), low-
altitude remote sensingmonitoring ofUAVshas also been applied to railway construction
projects, most of which use UAVs to directly monitor the range of soil erosion and soil
conservation measures [14]. Compared with satellite and manned aircraft and other
aerospace ground information acquisition platforms, UAV near ground remote sensing



216 J. Zhang et al.

platform has the advantages of fast image acquisition speed, large coverage area, short
application cycle, high image definition (accuracy can reach centimeter level), easy
analysis, less constraints from natural environment, low cost, easy operation, and low
operation and maintenance cost. It makes up for the deficiency of traditional satellite
remote sensing and ordinary aerial remote sensing.

This study analyzes and summarizes the research on ecological environmentmonitor-
ing of railway construction from macro to micro monitoring methods, monitoring scope
and monitoring distribution, so as to provide a basis for the systematic implementation
of construction projects and environmental protection.

2 Method

The ecological environment monitoring of railway construction projects should be in
line with the principles of comprehensive overview, reasonable deployment, strong rep-
resentation, reliable methods, economic feasibility and quality assurance. With the envi-
ronmental impact assessment report and its approval as the main basis and relevant
materials of railway engineering technical documents as reference, ecological methods
are used to monitor the impact of engineering construction on ecology on the basis of
the preliminary investigation of ecological status and the preliminary analysis of the
construction and operation of the project. The ecological environment monitoring of
railway construction projects is generally divided into four stages, which are prelimi-
nary survey and analysis, monitoring deployment, data collection and work results. The
specific technical process is shown in Fig. 1.

(1) In the preliminary investigation and analysis stage, the main work is to investigate
the regional ecological environment, engineering and construction, determine the
monitoring scope, and propose monitoring programs or plans.

(2) In themonitoring the deployment stage, it is necessary to further determine and com-
plete the layout of various monitoring points within the monitoring scope. Moni-
toring points should be integrated with the impact factors, select representative,
reflecting the environmental impact of the railway construction period location.

(3) In the data acquisition stage, monitoring data can be obtained through on-site
sampling, detection, observation, collection of satellite remote sensing data, aerial
photography of UAV, etc., according to the planned monitoring frequency.

(4) In thework results stage, carry out data analysis and processing, and formmonitoring
charts, reports and other results.

2.1 Monitoring Indicators and Monitoring Content

(1) Ecosystem

According to the “National Ecological Condition Survey and Assessment Technical
Specification – Project Scale Ecological Impact Assessment HJ 1175-2021” [15], the
project scale ecological impact survey and assessment index system is divided into two
parts: ecologically sensitive targets and ecosystems, as detailed in Table 1.
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Fig. 1. Basic flow chart for ecological monitoring of railway construction projects.

(2) Plants and Vegetation

Fractional vegetation cover is obtained by vegetation index calculation, and the most
commonly used is the normalized difference vegetation index (NDVI), which reflects
the background influence of the green plant canopy. Vegetation index is usually used
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Table 1. Project scale ecological impact survey and assessment index system.

Types Indicators Meaning

Ecologically sensitive targets Distance or overlap with
construction area relationship

Distance or overlapping area
and length of the project
construction area and
surrounding ecologically
sensitive targets

Occupied area The area of ecologically
sensitive areas occupied by the
project, including the main
project, temporary works, etc.

Ecosystem Occupied area The area of the project
construction area occupying
different types of ecosystems,
including the specific amount
and proportion

Ecosystem change Changes in typical ecosystem
characteristics factors in the
construction area of the
adjacent railway project during
the monitoring cycle

to evaluate regional ecological environment status. NDVI adopts the maximum value
of vegetation growth period, and takes the whole growth period of vegetation as the
time scale for monitoring, that is, it is appropriate to monitor once a year in the growing
season. It should be noted that the railway is a linear construction project, and the climate
and regional differences from the starting point to the end point will be very obvious,
and the differences in vegetation index will also be significantly different. Therefore, the
spatial differences in vegetation index cannot be used to directly determine the impact
of railway construction on vegetation. Instead, the impact of railway construction and
artificial restoration on vegetation along the line can be reflected through the difference
of vegetation index in different years in the same section.

Vegetation biodiversity is used as a monitoring indicator for nature reserves with
biodiversity as the main conservation object. In this study, the species diversity of plant
communities along the railway line was used as a specific indicator of biodiversity.
The proportion of species diversity reduction is the proportion of species reduction to
the original species, that is, the impact of project construction and operation on habitat
quality.

(3) Wild Animal

In this study, the quantity and habitat changes of wild animals near the railway
before and after the railway construction are selected as monitoring indicators, which
can basically reflect whether wild animals are affected by the railway. The monitoring
objects are mainly key national protected animals, and the number of animals is the
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number of wild animals near the railway. Animal habitat, also known as habitat, is
an important place for animals to live and breed. It is mainly monitored whether it is
occupied, divided or otherwise affected by railway land or temporary land, and whether
the area is reduced or the quality is reduced as a result.

2.2 Monitoring Scope, Location and Method

(1) Monitoring Scope

The monitoring scope includes time range and space range, which should be deter-
mined according to the characteristics of railway construction project and the ecological
characteristics of the region. The scope of ecological monitoring should be no less than
the project construction area and the area within 1000m away from the central line
of railway and the outer boundary of station. If there are ecologically sensitive targets
within 2000m of the surrounding the main project and temporary project, they should
be included in the monitoring scope.

(2) Monitoring Deployment

Vegetation monitoring sites should be laid according to the influence range of the
project on vegetation, taking into account the topography and geomorphology, vegetation
distribution and vegetation flora along the route, including the types of forest, shrub
and meadow vegetation in typical altitudes and climatic zones, covering major project
types. The specific point location can be adjusted according to the detailed project
layout, vegetation distribution characteristics, traffic conditions and location of sensitive
areas. Protection level in the state II and above the key protection plants should also be
distributed.

Wildlifemonitoring sites should be set up on roads near ecologically sensitive targets
and key wild animal distribution roads in the background survey, focusing on tunnel
entrances and exits, bridges, roadbeds, stations, auxiliary adit exits, construction roads,
large temporary projects, etc.

(3) Monitoring Method

A background ecological survey and monitoring should be carried out before the
construction of railway construction projects. Ecologically sensitive areas, plants and
animals should bemonitored quarterly or semi-annually, and ecosystems should bemon-
itored every 1 to 2 years. The monitoring frequency of different monitoring contents can
be adjusted according to the progress of project construction. The monitoring indicators
can be carried out by the following monitoring methods:

Area of ecosystem type occupied by the project construction area: define the total
area of the project and the area type and proportion of different ecosystems. The specific
method should meet the requirements of technical specifications [15]. The analysis
focuses on the ecosystem typeswith higher ecological service functions, including forest,
wetland, grassland, etc.

Ecosystem change: whether the natural ecosystem near the railway project construc-
tion area has undergone significant changes in structure and function due to railway
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construction. Specific methods should meet the requirements of technical specifications
[15].

Changes in plant diversity: survey and statistics are adopted to count the number
of wild plant species within the monitoring range and compare with the number of
species before the construction of the project. For specificmethods, refer to the Technical
Guidelines for biodiversity observation [16].

Protection of key plants: monitoring the species, distribution and growth of key
protected wild plants and whether they are affected by railway construction projects by
means of site survey and data collection.

Changes in animal diversity: infrared triggered camera traps and manual survey and
statistics can be used to count the number of wild animal species within the monitor-
ing range, and compare the number of species before the construction of the project,
whether it is affected by the railway construction project. For specific methods, refer to
the Technical Guidelines for biodiversity observation [16], which can be divided into
mammals, birds, amphibians, reptiles and fishes.

Protection of key wild animals: infrared trigger camera traps and manual investiga-
tion and statistics can be used to compare the species, distribution and activities of key
protected wild animals with the number of species before the construction of the project,
and whether they are affected by the railway construction project.

Invasive risk of alien species: monitoring the species and distribution of alien species
and whether the railway construction has caused the expansion of the distribution range
of alien species or the introduction of new alien species by on-site survey and data
collection. Alien invasive species refer to the List of Alien Invasive Species under State
Key Management [17].

3 Conclusion

Based on the quantitative indicators of ecology, soil science, railway engineering, soil
and water control, environmental assessment, completion acceptance and other disci-
plines, combinedwith the characteristics of railway engineering process and the needs of
monitoring data acquisition methods, this study distinguished different monitoring indi-
cators under the conditions of background and process, conventional and special, along
and sensitive areas, daily and emergency, etc. The conclusions are as follows. Ecologi-
cal monitoring of railway construction projects should take into account the ecological
and environmental, biological and abiotic contents, and then adjust according to the
ecological status of specific regions. The biological and abiotic contents of ecological
monitoring include various indicators, and the specific ecological impact of the contents
should be described from different aspects. According to specific ecological charac-
teristics and ecological problems, as well as different indicators, a scientific, complete
and feasible indicator system should be constructed through reasonable refinement and
screening, so as to increase the persuasion of monitoring results.
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Abstract. Among various types of pollution, agricultural non-point source pol-
lution (AGNPS), as an important component of water pollution, has received
significant attention from countries around the world in the past forty years. Espe-
cially after the effectiveness of point source pollution prevention and control,
AGNPS prevention and control has become an international problem, and the
overall research on AGNPS prevention and control has also become a hot topic.
The 14th Five Year Plan period is a period of in-depth promotion of AGNPS pre-
vention and control, and China has also conducted many studies on AGNPS in
recent decades. This study focuses on research and policies on AGNPS in recent
years in China, and summarizes the existing problems in the field of agricul-
tural non-point source, such as the lack of top-down full chain technology and a
lack of comprehensive evaluation standards. At the same time, Taking Yongchuan
District of Chongqing City as an example, the study analyzed the relationship
between the concentration of major pollutants and rainfall, fertilizer and pesticide
application, planting and livestock breeding in the Zhu Tuo section of AGNPS.
Finally, the factors that need to be focused on controlling AGNPS are proposed,
and the governance work should be carried out based on the full chain technol-
ogy of monitoring, tracing, calculation, governance, and management. The study
proposes that the entire system of AGNPS needs to be improved and targeted
policies should be introduced in order to provide basic support for the control of
AGNPS, thereby improving the ecological environment and achieving sustainable
ecological development.
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1 Introduction

Pollution prevention and control has always been a topic of concern to theworld. Accord-
ing to statistics, 30%–50% of the global earth’s surface has been affected by surface
source pollution [1–3]. Surface source pollution, also known as non-point source pollu-
tion (NPS), consists mainly of soil particles, nutrients such as nitrogen and phosphorus,
atmospheric particles, pesticides, etc., which enter the water, soil or atmosphere through
surface runoff, agricultural drainage, etc. It has the characteristics of randomness, exten-
siveness, vagueness and lagging. Compared with point source pollution, the source of
point source pollution is clear, and the monitoring and management objectives are high
and clear, so the international management of point source pollution has been quite
effective in recent years. And NPS, especially AGNPS is widely distributed, pollution
is difficult to trace the source, in different land type areas, flood, non-flood pollution
elements are different, increasing the difficulty of monitoring and management.

In the 1960s, the study ofAGNPS started abroad, theUnited States, Japan, theUnited
Kingdom and some other developed countries on the basis of point source pollution pre-
vention and control began to tackle AGNPS, they first from the concept and then to the
theory, model gradually developed [4]. In the 1970s, the United States issued a series of
laws to control AGNPS, determining the implementation of the Clean Water Act, and
ushering in a new era of AGNPS control [5]. Developed countries such as Europe and
America have conducted early research on the assessment ofAGNPS and related policies
and laws. As early as 1936, the United States enacted the first domestic AGNPS control
law, which made clear provisions for rural environmental quality and held accountable
for illegal activities that undermine rural environmental quality [6]. In terms of AGNPS
policies, the Best Management Practices (BMPs) program implemented in the United
States has been widely applied in the identification process of key source areas [7]. The
United States began implementing AGNPSBMPs as early as the 1970s and has achieved
significant results. The BMPs in the United States have developed measures for agricul-
tural and urban BMPs based on the sources of AGNPS, and each management measure
is the most suitable governance measure based on the characteristics of AGNPS [8].
At the same time, regulations, policies, and guarantee systems have been established
for the entire process of supervision, including “source target constraints – full factor
governance requirements – regulatorymeans – governancemechanisms – end point gov-
ernance requirements” [9]. European Union countries reduce the impact of agricultural
non-point sources by enacting registration and use systems for fertilizers and pesticides,
providing high subsidies to farmerswho adopt environmentally friendly production tech-
nologies, and increasing funding for environmental protection at all levels of government
[10]. Both the European Union and the United States attach great importance to increas-
ing farmers’ enthusiasm in controlling AGNPS, and have introduced relevant policies
to guide and cultivate farmers to voluntarily learn new skills and use new technologies,
in order to control AGNPS from the source [11]. Overall, research has been conducted
on prevention and control technologies, policies, and guarantee systems for AGNPS in
foreign countries, and good results have been achieved. However, there is still room for
further research on the evaluation of various technologies and policies.

Research on AGNPS in China is later than that of foreign countries. Since the 1980s,
scholars began to carry out systematic research on Agricultural pollution. Policy system
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in China based on the prevention and control of AGNPS was initially established [12].
Since 2000, the issue of AGNPS has been given national attention, and the policy system
for preventing and controlling AGNPS has gradually been established. At the same time,
evaluation plans based on statistical models have also begun to be established. During
this period, policies were more inclined towards macro prevention and control, with
relatively single evaluation plans. The “Regulations on the Prevention and Control of
Pollution from Livestock and Poultry Scale Breeding” issued in 2013 is a milestone
document for the prevention and control of AGNPS in China. From this time on, the
prevention and control of AGNPS in China began to form a systematic policy pattern
for AGNPS prevention and control [13]. In 2015, the Ministry of Agriculture issued
the “Implementation Opinions on Fighting the Battle of Agricultural Non-point Source
Pollution Prevention and Control”, which was the first special policy introduced to
address the issue of agricultural non point source pollution prevention and control. It was
not until 2021 that the country officially introduced the targeted plan “Implementation
Plan for theControl and Supervision ofAgriculturalNon-point Source Pollution (Trial)”.
However, at present, prevention and control ofAGNPS inChina focusesmore on research
on agricultural non-point sources, and there is a lack of specific development of relevant
standards for non-point source prevention and control, as well as technical standards for
evaluation of prevention and control effects. For a long time to come, research onAGNPS
should combineGIS technology, model simulation, and on-sitemonitoringmethods, and
develop specific standards and policies based on evaluation.

Foreign research on AGNPS management has achieved fruitful research results and
practical experience, which has strong significance for the improvement of AGNPS
management in China. At this stage, China has made some academic achievements in
AGNPSmanagement research, but the research on the prevention and control of AGNPS
in China is still very limited, and there is still a lack of perfect whole-chain technology
and assessment structure system for prevention and control. This study is based on the
existing problems ofAGNPS and conducts statistical analysis of non-point source related
factors in the research area. Explore the key factors affecting AGNPS in the data results
and propose prevention and management suggestions based on this.

2 Research Method

To study the prevention and control of AGNPS, it is necessary to have a detailed under-
standing of the situation in the research area in the early stage, and to analyze the
relevant data of AGNPS through various methods, establish a comprehensive and sys-
tematic assessment system, promote the orderly and precise implementation of AGNPS
prevention and control work, and overcome the difficulty of AGNPS as soon as possible.

(1) Remote sensing and geographic information system analysis

Remote sensing and geographic information system analysis methods are one of the
main and fundamental research methods. Based on multi temporal and cross-sectional
data on the concentration and flux of major non-point source pollutants, analyze the
spatial changes of long time series in typical regions, and analyze the spatiotemporal
changes in the concentration and flux of major pollutants in different typical regional
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cross-sections. Conduct single factor spatial pattern analysis and multi factor spatial
correlation analysis using environmental data and socio-economic data. Use principal
component analysis, analytic hierarchy process, and other methods to screen indicators
and construct an evaluation index system.

(2) Field research method

Based on different typical cross-sections, methods such as field research and dis-
cussions were used to understand the situation of AGNPS and its control measures, as
well as economic and social development in typical areas. The research and discussion
content includes the quality status of cross-sectional water environment, the current sit-
uation of AGNPS, measures for controlling AGNPS, the current situation of economic
and social development, and the current situation of land use.

(3) Literature research method

Regarding the research on the policy system and normative system for preventing
and controlling AGNPS, a literature review method was used to analyze the current
status, historical changes, and future plans of the policy system for preventing and
controlling AGNPS at home and abroad, as well as the current status and future plans
of the policy system and standards for preventing and controlling AGNPS in relevant
provinces, regions, and sub basins of the Yangtze and Yellow River basins, as well as the
policy system and standards for preventing and controlling AGNPS in China, Research
on policies, systems, and norms for the prevention and control of AGNPS on the existing
basis.

(4) Model simulation method

Mainly applied to analyze the spatiotemporal changes in concentration and flux of
major pollutants in the cross-section, identify the main driving factors of spatiotemporal
changes, and construct an assessment system for AGNPS prevention and control. Based
on environmental data, SWAT/HSPF/AGNPS/LOADEST and other models are selected
as needed to analyze the characteristics of AGNPS in the watershed, and to study the
main driving factors of spatiotemporal changes in the concentration and flux of major
pollutants in the cross-section.

(5) Monitoring analysis method

Basedon the relevant data obtained from the agricultural non-point sourcemonitoring
network, targeted and supplementary monitoring of the concentration and flux of major
pollutants will be carried out according to the assessment and evaluation objectives, in
order to meet the needs of the assessment and evaluation of land plots and research areas.

3 Research Results

3.1 Overview of the Research Area

Yongchuan District of Chongqing is located in the north bank of the upper reaches of
the Yangtze River, southwest of Chongqing, 105° 38′ −106° 05′ E, 28° 56′ −29° 34′ N
(Fig. 1). The landform of Yongchuan District is complex and diverse, and the terrain is
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relatively flat. It is dominated by low mountains and hills. The altitude of the whole area
is 172–990 m. Five low mountains and mountains cross the whole area in the form of
“Sichuan” from north to south. Hills, gentle hills and terraces are distributed alternately,
making it a typical hilly area in Chongqing. The planting area of grain crops in the
entire region is 980000 mu, with a total yield of 481000 tons; The grain crops planted in
Yongchuan District include rice, wheat, corn, sorghum, soybeans, beans and potatoes.
The Cash crop planted include peanuts, rapeseed, sesame, vegetables (including edible
fungi), melons and fruits, tea, pepper, etc. The livestock and poultry farming in the region
is mainly based on live pigs and poultry.

Fig. 1. Regional Map of Chongqing and Yongchuan District.

3.2 Analysis of Agricultural Non-Point Source Pollution in the Research Area

According to the analysis on the planting area and yield of various agricultural crops
in Yongchuan District from 2014 to 2021(Figs. 2 and 3), the Plantation industry in
Yongchuan District is dominated by food crops and vegetable crops, and the planting
area of vegetable crops is increasing. At the same time, from the perspective of crop
yield, vegetable yield is the highest and increasing year after year, while other crop
yields show a stable trend. The change in crop area planted over the years indicates
a change in regional planting types, which directly affects the sources of agricultural
non-point source pollutants.

The use of chemical fertilizers in Yongchuan District has shown a downward trend
year by year from 2015 to 2021(Figs. 4 and 5), of which nitrogen, phosphorus and
potassium fertilizers have the same trend, and the downward trend of nitrogen fertilizer is
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Fig. 2. Crop planting area in Yongchuan District from 2014–2021.

Fig. 3. Crop yield in Yongchuan District from 2014–2021.

obvious, especially from 2017 to 2018. The use of pesticides has also shown a downward
trend in recent years. To sumup, the use of fertilizers and pesticides inYongchuanDistrict
has shown a downward trend year after year, which indicates that Yongchuan District
has accurately implemented the policy of fertilizer and pesticide reduction after the
issuance of the policy of fertilizer and pesticide reduction, and has obvious reduction
effect. It is necessary to combine this important measure in the analysis of AGNPS to
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study the practical role of fertilizer and pesticide reduction in the prevention and control
of AGNPS in the basin.

Fig. 4. Fertilizer Application in Yongchuan District from 2015–2021.

Fig. 5. Use of Pesticides in Yongchuan District from 2015–2021.
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Rainfall is an important factor affecting the inflow of agricultural non-point source
pollutants into rivers. The rainfall data of Yongchuan District were collected and ana-
lyzed. From the Precipitation figure (Fig. 6), it can be seen that the annual rainfall in
Yongchuan District is mainly concentrated in June September, which is also the flood
season of Yongchuan District. Most of the maximum rainfall comes from July, and some
years will be in August and September. The rainfall during the flood season of 2019 was
low. In general, Yongchuan District is dry and has little rainfall in non flood season, so
attention should be paid to the precipitation index when studying AGNPS.

On the basis of rainfall data, the pollutant monitoring data of the ZhuTuo section
from 2019 to 2021 were selected for the study, and the monthly data of pollutant con-
tent was organized (Fig. 7). Zhu Tuo section is located in the southeast of Yongchuan
District, belongs to the national control section, the data is publicly released, accurate
and easy to obtain. Between 2019 and 2021, the water quality changes were relatively
stable, mostly in Class II and III water. The changes in pollutants highlighted the lag
of agricultural non-point sources, and concentration accumulation occurred during non
flood seasons. During the flood season, the concentration decreased due to rainwater
erosion. In addition, in August 2019, the water quality deteriorated to IV and total phos-
phorus exceeded the standard, indicating that agricultural non-point source pollutants in
the region should focus on total phosphorus.

Fig. 6. Precipitation in Yongchuan District from 2019–2021.
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Fig. 7. Change of Ammonia Nitrogen, Total Phosphorus and Total Nitrogen at Zhutuo Section in
Yongchuan District from 2019 to 2021.
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4 Conclusion and Outlook

This study first studied the policies and methods of AGNPS control at home and abroad,
and then analyzed AGNPS in Yongchuan District of Chongqing, and obtained the fol-
lowing conclusions: 1. AGNPS should be deeply studied based on planting types; 2. The
use of fertilizers and pesticides remains an important factor affecting AGNPS; 3. For
AGNPS in different regions, the main pollutants need to be selected for research based
on monitoring data analysis, and analysis needs to be carried out in combination with
precipitation, flood season, and non flood season.

Based on the current situation and research analysis of AGNPS, this study proposes
relevant suggestions for AGNPS, in order to provide basic support for the prevention
and control of AGNPS: 1. AGNPS needs to be studied through monitoring, tracing,
calculation, governance, and management to connect the technological chain; 2. The
assessment and evaluation of AGNPS requires a complete system as the standard; 3.
According to local conditions, research on AGNPS needs to be targeted at different
terrain areas, focusing on the main influencing factors, and achieving precise analysis
and research.

Due to limited data collection and shallow research and analysis at this stage, data
will continue to be collected in future studies to conduct in-depth correlation analysis and
more accurately analyze agricultural non-point source pollutants and pollution sources.
Based on the data results, open up a technological chain for the prevention and control
of AGNPS, and explore the assessment and evaluation system standards for AGNPS
prevention and control.
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Abstract. Rare taxa are the potential force influencing function and structure
of fungal communities and play an over-proportional role in soil ecosystems.
We studied the typical Chernozem soil in Heilongjiang Province using high-
throughput analysis techniques to investigate the role of rare taxa in function
and structure of fungal communities in Chernozem. Coexistence of various low-
abundance rare fungal taxa and few high-abundance fungal taxa were observed in
Chernozem. Most of the rich and rare fungal taxa belonged to the phyla Ascomy-
cota and Basidiomycota. No rare fungus from the phylumMortierellomycota was
detected. The primary environmental factor affecting the structure of rare fun-
gal taxa was found to be soil pH, followed by water content. The rich fungal
taxon Mortierella had a significantly positive correlation with total phosphorus
and organic carbon (P < 0.05). The function prediction revealed 72 significantly
different MetaCyc pathways in the two plots, and the rare taxa accounted for
80.56% of the total microbial community. The sulfate reduction pathway I was
significantly different at P< 0.001, the octane oxidation pathway and the adenine
and adenosine pathway were significantly different at 0.001 ≤ P < 0.01, and the
remaining pathways were significantly different at 0.01 ≤ P < 0.05. In summary,
the rare fungal taxa are of great significance to maintaining functional diversity
and microbial structure of soil.

Keywords: Fungal Community Structure · Rare Taxa · Physical and Chemical
Properties

1 Introduction

Microbial communities and their succession processes are an important aspect of the
foundation of ecosystem development. Microbes in the environment shows a typical
skewed abundance distribution, with few abundant groups coexisting with various rare
groups [1]. The portion of low-abundance groups is denoted as the “microbial rare bio-
sphere” [2]. So far, the research on soil microbes has mainly focused on the abundant
groups [3], but with the continuous improvement of high-throughput sequencing tech-
nology [4], it has become possible to further determine and analyze the rare microbial
groups. Extensive research on rare microbial groups is crucial for full understanding of
the microbial ecology, as well as prediction of the ecological roles.
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Rare microbial groups are known to exhibit significant impacts on the ecosystem
services as key microbial species [5]. Indeed, rare microbial groups play a dispropor-
tionately significant role in the biogeochemical cycles and ecosystem functions [6].
Nevertheless, their ecological role remains unclear. Previous studies of rare microbial
groups in soil focused on the bacteria [7, 8], with little research on fungi and other
microorganisms. Unlike bacteria, which grow as single cells, fungi grow as mycelium
and have larger body size [9], and play an important ecological role in the nutrient cycle
of soil by alleviating nutrient limitations for other organisms and regulating mineral
nutrition of plants [10]. In this pursuit, the role of rare fungal groups in soil fungal com-
munity structure and function was analyzed in this study. Specifically, the typical black
soil in the Heilongjiang Province was employed for this study using high-throughput
sequencing analysis technology. Our results can lay a foundation for understanding the
rare fungal types, analyzing the succession patterns of the rare groups, and exploring the
assembly process of rare biospheres.

2 Materials and Methods

2.1 Study Area and Sample Collection

Heilongjiang Province has an obvious temperate continental monsoon climate, located
at N43°26′–53°33′ and E121°11′–135°05′. The sampling sites of this study were located
in the Tailai County, Heilongjiang Province (N 46°34′42′′, E 123°16′30′′), where Cher-
nozem soil is the main soil type. Samples (depth= 0–20 cm) of two types of agricultural
soil (Site A and Site B) were collected in August 2020 by random sampling, subjected to
the removal of debris liked stones, and stored in sterile sealed bags. Some soil samples
were air-dried indoor to determine the features, while the remaining samples were sub-
jected with dry ice for the microbial community amplification and sequencing analysis.
Nine replicates were collected for each sampling site.

2.2 Physical and Chemical Properties of Soil Samples

The moisture content, the pH value, the organic carbon level, the total nitrogen
level, and the total phosphorus level of the soil was measured by the vacuum
oven method (NY525-2012/5.6), the potentiometric method (NY/T1377-2007), the
K2Cr2O7 oxidation-spectrophotometric method (NY/T1121.6-2006), the semi-micro
Kjeldahl method (NY/T53-1987), and the NaOH fusion-MoSb anti-colorimetric method
(NY/T88-1988), respectively.

2.3 High-Throughput Sequencing

The extraction of total fungal DNA, design of PCR primers, PCR reaction system and
conditions, as well as the quantitative detection process in soil samples was performed
according to an earlier report [11]. The Illumina MiSeq platform was employed for
paired-end sequencing of the sequencing samples, while splicing, denoising, quality
control, and remove chimerization were executed on all raw sequences of the samples to
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developOUT.Thiswas alignedwith theUNITEdatabase to obtain the species annotation
information. This experiment was performed at the ShenzhenMicroecology Technology
Co., Ltd.

2.4 Data Processing and Analysis

According to existing literature and the actual field conditions, theOTUswith a sequence
abundance of more than 0.1% of the total sequence measured by high-throughput
sequencing were denoted as the “abundant” groups, while those with relative abundance
lower than 0.1%of the total sequencewere denoted as the “rare” groups. Bacterial genera
with annotation information obtained through the comparison of database that account-
ing formore than 1%of the same taxonomic level were defined as the “abundant” groups,
while those below 1% were defined as “rare” groups [12, 13]. The basic data were pro-
cessed and analyzed using software such asMicrosoft Excel 2010, OriginPro 2019b, and
SPSS. The Chao1, Faith_pd, Shannon index, and Simpson index were employed to eval-
uate the α diversity of samples, while the KruskalWallis methodwas employed to clarify
significant differences in the α diversity among the different groups based on grouping
information. The Circos plot was drawn using the Microbial Ecological Bioinformatics
Cloudwebsite (https://www.bioincloud.tech/). RDAanalysis of the relationship between
the microbial communities and the environmental factors was executed using the R lan-
guageVEGANpackage, and visualizationwas performed using ggplot2. The correlation
heatmap was mainly drawn using the R language heatmap package. Based on the prin-
ciple of PICRUSt2, the metabolic functions of the fungal microbial communities were
predicted, and significant differences in the predicted microbial community functions
among the groups were determined using ANOVA.

3 Results

3.1 Physical and Chemical Properties of Soil Samples

Sample analysis revealed negligible differences in the soil moisture content (SMC)
between the sampling sites A and B (Fig. 1). The pH value of samples collected at
site A (8.16 ± 0.27) was significantly higher than that of samples collected at site B
(7.81 ± 0.06). The total nitrogen (TN), soil organic carbon (SOC), and total phosphorus
(TP) in the soil at sampling point B were significantly higher than that at point A, higher
than 0.66 g/kg, 7.13 g/kg, and 0.68 g/kg respectively.

3.2 High-Throughput Sequencing

In this study, 1,203,526 original sequences were determined and 692,817 OTUs belong-
ing to 12 phyla, 28 classes, 66 orders, 119 families, and 169 genera were generated.
The α diversity rarefaction curve was flat, suggesting that the diversity of samples in
this study can be reflected by the sequencing results. Furthermore, an increase in the
sequencing depth could not realize the detection of abundant undiscovered OTUs. The
number of unique OTUs at sampling sites A and B were 1,047 and 916, respectively,
with a total of 134 OTUs observed. The differences in α diversity indexes at the two
sampling sites were not significant (Table 1).

https://www.bioincloud.tech/
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Fig. 1. Physical and chemical properties of soil.

Table 1. α diversity of samples collected at different sites.

Sample site Chao1 index Faith_pd index Shannon index Simpson index

Site A 173.33 ± 39.24a 32.53 ± 5.75a 5.31 ± 0.56a 0.91 ± 0.06a

Site B 159.33 ± 65.13a 29.18 ± 11.03a 4.91 ± 1.51a 0.87 ± 0.16a

3.3 Community Structure and Composition

At sampling sites A and B, the proportion of rare groups with an OUT count lower than
0.1% of the total was found to be 85.67% and 80.55%, respectively, while the abundance
of rare groupswas 24.08% and 19.85%, respectively. This indicates that there weremany
rare groups at each sampling point, but their abundance was low, and a large number
of rare groups with relatively low abundance coexisted with a small number of rich
groups with relatively high abundance. Identification analysis through OUT sequence
alignment revealed that Mortierella, a genus of Mortierellomycota, was a rich group
in the black soil, with a relative abundance of 29.45% and 19.67% at sampling points
A and B, respectively. No rare groups were found in this phylum. In Ascomycota and
Basidiomycota, the rich group genera were relatively high, with Fusarium, Unspeci-
fied_Pyronemataceae, Unspecified_Chaetomiaceae, Unspecified_Sordariomycetes, and
Unspecified_Onygenales in Ascomycota exhibiting an average relative abundance of
over 2.7% in both types of soil, making them rich genera. Chytridiomycota and Kickx-
ellomycota were the two rare phyla found at both sampling points, and the genera under
each phylum were also rare groups.
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RDA was employed to analyze the correlation of species with environmental factors
at the genus level, and the results are shown in Fig. 2. Soil pH, SMC, SOC, TN, and TP
had negligible effects on the fungal abundance in black soil (P = 0.252), but significant
effect on the rare fungal groups (P = 0.014), with soil pH being the main environmental
factor affecting rare fungal groups, followed by moisture content. Correlation analysis
between the identifiable fungal genera (top 30 in abundance) and soil properties (Fig. 3)
showed that the Mortierella genus in the abundant group had a significantly positive
correlationwith SOCandTP (P< 0.05). In the rare group, identifiable fungal genera such
as Tulostoma,Geastrum,Debaryomyces,Coprinopsis, Leucoagaricus,Ramicandelaber,
and Geopora had a significant correlation with these features, as shown in Fig. 3.

Fig. 2. RDA results of species at genus level.

3.4 Community Structure and Functionality

Based on the analysis of MetaCyc pathways with significant differences obtained from
the test, a total of 72 pathways with significant differences were obtained at sampling
points A and B, including 14 pathways with significant differences in the enriched taxa.
The sulfate reduction I (SO4ASSIMPWY) pathway showed considerable differences at
theP<0.001 level,while the octane oxidation (P221-PWY)pathway and the adenine and
adenosinepathway (PWY-6609) showedconsiderable differences at the 0.001≤P<0.01
level. The remaining pathways showed significant differences at 0.01 ≤ P < 0.05 level.
Analysis of the significantly different pathways in 58 rare taxa showed that the pathways
with significant differences were all at 0.01 ≤ P < 0.05 level, this showed that the rare
taxa contributed considerably to the auxiliary functions of the fungal community.
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Fig. 3. Heatmap of the correlation of fungi with environmental factors at genus level.

4 Discussion

Ascomycota, Basidiomycota, and Mortierellomycota are often detected as dominant
groups in the soil ecosystem. In this study, most of the species belonged to Ascomy-
cota and Basidiomycota, whether it was a rich group or a rare group. The results were
consistent with the existing research results [13].Mortierella ofMortierellomycota, as a
rich group at the genus level in black soil degrade chitin, while some species can degrade
hemicellulose into sugars. Thus,Mortierella can serve as an indicator species for changes
in the fungal community of soil, with a relative abundance changing significantly with
TN and moisture content [14]. Herein, Mortierella had a significantly positive corre-
lation with SOC and TP (P < 0.05). Analysis of rare groups at the genus level found
that some rare fungal genera, such as Unspecified_Ceratobasidiaceae had an average
relative abundance of 0.18% (n = 9) at site B, while the average relative abundance at
site A was 7.84% (n = 9).Mycena was only detected at the fourth sampling point in A,
with a relative abundance of 0.25%. The presence of Aspergilluswas detected at all sam-
pling points, except at the second sampling point in B. For rare microbial groups in soil,
their rarity can be a random process [15], an inherent trade-off of the life history strate-
gies [16], or the result of biotic and abiotic interactions [17]. Rare groups are the “seed
bank” of microorganisms, and under appropriate conditions, they can become dominant
groups, increasing the functional role of ecosystems and the resilience to the environ-
mental disturbances. Conditionally rare groups can effectively explain the dynamics of
overall community of rare biospheres and tend to become the dominant communities
under desired environmental conditions [5]. Additionally, the random processes (e. g.
diffusion limitation) dominated the assembly of fungal rich groups, while determinis-
tic assembly (e. g. homogeneous selection) controlled the assembly process of the rare
groups [13].

Environmental changes have been reported to influence ecosystem functions by
mediating dynamic balance of microbial communities in soil. Currently, studies of
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the impacts of environmental factors on the microbial community composition in soil
focused on bacteria. For instance, Jiao [13] found that soil pH is the main determinant
of the geographic distribution of rare and abundant subgroups in a model ecosystem
of rice soil in China. Soil pH, SOC, TN, TP, and moisture content can also affect the
composition of fungal communities to a certain extent. In this study, soil pH was also
found to be a key environmental factor affecting composition and abundance of rare and
abundant fungal groups in black soil, indicating that soil pH has significant impacts on
the distribution of microbial communities in soil. Other environmental factors also have
influences on abundance and composition of rare and abundant groups. SOC, TN, and
TP have higher impacts on the abundant groups, SMC is another major factor influencing
the distribution of rare groups.

In this study, rare taxa account for a higher proportion (80.56%) in distinguishing
the different fungal community structures and functions. Predictive functional analysis
shows unique predictive functional traits of rare taxa comparedwith their common peers,
and rare taxa have significant impacts on the functional diversity [18], with huge genetic
and functional diversity [6]. Although their abundance is low, some rare microorgan-
isms have been identified as major contributors to the processes such as degradation of
polycyclic aromatic hydrocarbon [19] and carbon cycling [20]. In this study, the sulfate
reduction pathway of two abundant taxa differed significantly at the P < 0.001 level.
It is known that the available sulfur in soil is essentially a dominant factor regulating
the balance of the random and deterministic combinations of abundant and rare fungal
subgroups in agricultural ecosystems [13]. Sulfur is a necessary nutrient for microbial
growth, and fungi participate in the sulfur metabolism and cycling [21]. Soil sulfur
may affect the composition of fungal communities by either directly influencing fungal
growth or indirectly influencing fungal community composition by affecting plants [13].

5 Conclusions

The role of rare fungal groups in soil fungal community structure and function was ana-
lyzed using high-throughput sequencing analysis technology. The following conclusions
can be drawn: (1) In chernozem soil, a large number of rare fungal groups with relatively
low abundance coexisted with a small number of rich fungal groups with relatively high
abundance. Most of the species in the rich and rare groups belonged to Ascomycota and
Basidiomycota, and there were no rare groups in Mortierellomycota. Further, Chytrid-
iomycota and Kickxellomycota were found to be the two fungal phyla with rare groups
present at two sampling points. (2) There were significant differences in the soil pH,
TN, SOC, and TP of samples collected at different sampling sites. The abundant genus
Mortierella had a significantly positive correlation with SOC and TP (P < 0.05). Also,
soil pH was the dominant environmental factor for the rare fungal groups, followed by
SMC. (3) Based on the results, 72 MetaCyc pathways with significant differences were
obtained, and 14 MetaCyc pathways with significant differences were enriched in the
abundant taxa. The SO4ASSIMPWY pathway for sulfate reduction I showed significant
differences at the P< 0.001 level. Rare taxa accounted for 80.56% of the pathways with
significant differences.
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Abstract. The flow capacity of a side weir is an important factor to consider in
its study, as it can significantly impact the relevant hydraulic parameters near the
weir. In this study, a 1:50 scale physical model of a river was used to investigate
the flow capacity of a side weir with a flood diversion angle of 31° and a height
of 1 m. The results indicate that the discharge coefficient Cw of the side weir
decreases with an increase in parameter h2/P, and increases with an increase in
Fr1. Furthermore, the side weir outflow efficiency η decreases with an increase in
downstream Fr2, but increases with an increase in parameter h2/P. The η has a
stronger correlation with Fr2 and a relatively weaker correlation with parameter
h2/P. The discharge coefficient Cw and outflow efficiency η of the side weir
were fitted, and corresponding calculation formulas were proposed. The fitting
formula for the discharge coefficient shows good correlation, with an error within
8%. However, the split ratio fitting formula has a relatively large error, with a
maximum of about 28%. These findings can be used as a reference for design and
operational management.

Keywords: Side Weir · Flow Capacity · Discharge Coefficient · Outflow
Efficiency

1 Introduction

Sideweirs arewidely used for flood, agricultural, sewage, and urban runoffmanagement.
They are effective in relieving flood pressure in target areas by diverting over-standard
floodwater into subsidiary channels or flood storage areas. To make the most of the flood
diversion benefits of a side weir, its ability to divert floodwater under different flow
conditions is particularly important.

Flow analysis at side weirs has been the focus of many researchers, with most stud-
ies on the hydraulic characteristics of water intakes by domestic and foreign scholars
focusing on right-angle intakes. de Marchi [1] was the first to systematically analyze
discharge coefficients at side weirs, but with large errors. Uyumaz and Muslsu [2] car-
ried out an in-depth study of flow over side weirs in circular channels and proposed a
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slow and rapid flow condition based on energy relations, which is a calculation method
of discharge coefficients. Considering the complexity of side weir flow, Castro-Orgaz
and Hager [3] proposed a method based on the evaluation of the momentum and energy
equations in both longitudinal and transverse directions, arguing that the momentum
approach provides better results and that the effect of velocity distribution is significant.
Crispino et al. [4] modeled supercriticality over a double lateral low weir in a circular
channel based on model tests and numerical simulations. Lindermuth [5] used FLow3D
and a physical model to analyze the flow characteristics of a porous side weir under
normal water depth conditions in the main channel and derived correction equations for
coefficients using multivariate regression analysis, which can be applied to side weirs
with multiple holes.

The angle between the side weir and the center line of the upstream channel, known
as the diversion angle θ, is often different. It is generally believed that the smaller
the diversion angle, the more evenly distributed the flow velocity of the side weir, the
smoother the flow into the channel, and the smaller the energy loss when diverting the
flow. Smaller diversion angles do not result in a larger bend in the flow line in front of the
intake, in line with the principle of frontal intake [6]. Common diversion angles for acute
side weir arrangements are shown in Fig. 1 [7]. This paper combines an actual project
with an experimental study of the overflow capacity of side weirs when the diversion
angle is acute.

(a) Plan layout                                          (b) Section layout

b
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Fig. 1. Side weir with acute angle of diversion.
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2 Theoretical Background

Thewater surface line in the main canal along the side weir direction can be described by
a one-dimensional equation based on the theoretical principle of conservation of energy
as follows [8]:

dh

dx
=

IS − IE + αqQx
gA2

1 − αBQ2
x

gA3

(1)

Where: A is the overflow area (m2); B is the main canal water surface width (m); g is the
acceleration of gravity (m/s2); Qx is the flow rate in the channel at position x along the
weir (m3/s); q side weir single width flow rate (m2/s); IS is the main canal bottom slope
drop; IE is the energy specific drop; dh/dx is the rate of change of the main canal water
depth h with x and α is the kinetic energy correction factor.

Where the single width flow rate of the side weir can be calculated according to the
conventional weir flow equation.

q = −dQ

dx
= dQw

dx
= Cd

√
2g(h − P)1.5 (2)

Integration of q along the length b of the side weir gives the side weir flow equation:

Qw = Cd
√
2g

∫ b

0
(h(x) − P)1.5dx ∼= Cd

√
2g

∑

i

(h(x) − P)1.5�bi (3)

In view of the more complex changes in water depth along the side weir, it is
more difficult to discretize the calculation, using the downstream water depth h2 as
the characteristic water depth instead of h(x), the above equation can be re written as:

Qw = Cwb
√
2g(h2 − P)1.5 (4)

Where:Cw is the discharge coefficient considering the influence of water depth variation
along the course, under the neglect of water Weber number and Reynolds number influ-
ence, this discharge coefficient is related to the following factors, including the slope
drop at the top of the side weir, the water depth of the main channel h2, the width of the
main channel B, the width of the weir b, the number of river Fr, the angle of diversion θ,
the height of the weir P, etc., can be written as:

Cw = f1(�,B, b, h2, θ,P,Fr1) (5)

Using the weir height P as the characteristic length, dimensionlessizing the above
equation yields:

Cw = f2(�,
B

P
,
b

P
,
h2
P

, θ,Fr1) (6)

Since � = 0 and the variables B, b, P and θ remain unchanged, the above equation
can be rewritten for this example as:

Cw = f3(
h2
P

,Fr1) (7)

At this point, the side weir discharge coefficient is a function of both h2/P and Fr1.
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3 Experimental Plan

3.1 Project Layout

The studywas carried out based on a physicalmodel of the lateral inlet of a flooddiversion
tunnel. The width of the main channel in the study area is approximately 135 m. The
angle between the centreline of the lateral weir and the centreline of the channel is
approximately 31°. Downstream of the lateral weir is the open channel section, with the
left-hand retaining wall at a contraction angle of 10° and the right-hand retaining wall at
a contraction angle of 12°; downstream of the open channel section is the control gate,
which is a double-casement gate with a chamber size of 12.00 m x 10.30 m (net width x
net height), and the bottom plate elevation of the gate is 4 m lower than the top elevation
of the lateral weir. See Fig. 2 for engineering plan layout and Fig. 3 for section layout.

19,
03

49,77

31°

12

1

10°

12°

4

Fig. 2. Layout of the project.

P

4P

4P

P

Fig. 3. Section layout of the project.

3.2 Model Scales

The physical model is based on a normal hydraulic model, designed according to the Fr
number similarity law, with the model satisfying gravity similarity and drag similarity
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respectively. Considering the model flow rate, water depth, flow velocity and resistance
squared area and other hydraulic parameters comprehensive factors research based on
a tunnel inlet model, physical use by gravity similarity criteria design, model scale for
1:50, the corresponding physical volume scale is shown in Table 1.

Table 1. Law of similitude.

Physical quantity Length Lr Time Tr Velocity Vr Discharge Qr Roughness nr

Ratio 1:50 1:Lr1/2 1: Lr1/2 1:Lr5/2 1:Lr1/6

3.3 Model Range and Production

The physical model was designed as a self-circulating system, with simulations covering
the underground reservoir, inlet forebay, valves, flow meters, river channel, and flood
gates. Themodel layout is shown in Fig. 4. The conditions were simulated by controlling
different upstream flows and downstream tailgate levels in the main river channel, with
the channel downstream of the side weir being free outflow to ensuremaximum overflow
capacity.

Fig. 4. Schematic layout of the model.

Figure 4 shows the schematic layout of the model, including the side weir (1), main
river (2), measuring weir (3), tailgate (4), return channel (5), another measuring weir
(6), underground reservoir (7), pump (8), electromagnetic flow meter (9), valve (10),
and intake tank (11).
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4 Results and Analysis

4.1 Results

All experiments presented in this paper are conducted based on dimensionless weir
lengths b

P = 36, BP = 135, and θ = 31°. Table 2 displays the test results for the 26 constant
flow experimental conditions investigated, with different flow rates (Q1 ranging from
886 to 2,200 m3/s), tailwater conditions (h2/P ranging from 3.45 to 7.46), and upstream
Fr1 ranging from 0.12 to 0.56. The test results can be found in Table 2.

Table 2. Test results.

NO. P/m Q1/m3·s−1 h1/m Fr1 Q2/m3·s−1 h2/m Fr2 h2/P QW /m3·s−1 Cw η

1 1 2 195.9 4.42 0.56 1 804.8 4.50 0.45 4.50 391.1 0.374 0.178

2 1 2 194.2 5.19 0.44 1 756.2 5.35 0.34 5.35 438.0 0.303 0.200

3 1 2 160.3 5.85 0.36 1 676.2 6.00 0.27 6.00 484.1 0.271 0.224

4 1 2 166.0 6.51 0.31 1 636.8 6.65 0.23 6.65 529.2 0.247 0.244

5 1 2 200.1 6.86 0.29 1 643.1 7.00 0.21 7.00 557.1 0.238 0.253

6 1 2 180.0 7.32 0.26 1 593.0 7.46 0.18 7.46 587.1 0.224 0.269

7 1 1 843.3 4.12 0.52 1 508.2 3.96 0.45 3.96 335.2 0.412 0.182

8 1 1 922.5 5.02 0.40 1 511.2 5.13 0.31 5.13 411.3 0.308 0.214

9 1 1 950.9 5.74 0.34 1 482.3 5.87 0.25 5.87 468.6 0.274 0.240

10 1 1 940.0 6.46 0.28 1 420.5 6.58 0.20 6.58 519.5 0.247 0.268

11 1 1 948.3 7.35 0.23 1 367.1 7.45 0.16 7.45 581.3 0.222 0.298

12 1 1 469.5 3.88 0.46 1 188.7 3.66 0.40 3.66 280.9 0.405 0.191

13 1 1 463.6 4.95 0.31 1 085.1 5.02 0.23 5.02 378.5 0.295 0.259

14 1 1 467.1 5.85 0.25 1 015.3 5.93 0.17 5.93 451.8 0.259 0.308

15 1 1 479.8 6.56 0.21 970.5 6.64 0.13 6.64 509.3 0.238 0.344

16 1 1 441.5 7.20 0.18 889.4 7.24 0.11 7.24 552.1 0.222 0.383

17 1 1 254.0 4.02 0.37 973.1 3.99 0.29 3.99 280.9 0.340 0.224

18 1 1 253.9 5.00 0.27 881.9 5.05 0.18 5.05 372.1 0.286 0.297

19 1 1 174.7 5.75 0.20 742.0 5.79 0.13 5.79 432.6 0.259 0.368

20 1 1 173.9 6.45 0.17 683.4 6.49 0.10 6.49 490.5 0.239 0.418

21 1 1 171.1 7.32 0.14 615.3 7.35 0.07 7.35 555.8 0.218 0.475

22 1 886.0 3.95 0.27 636.6 3.45 0.24 3.45 249.4 0.408 0.281

23 1 889.2 4.71 0.21 563.7 4.74 0.13 4.74 325.5 0.282 0.366

24 1 886.9 5.34 0.17 503.3 5.36 0.10 5.36 383.5 0.264 0.432

25 1 891.1 6.22 0.14 426.5 6.24 0.06 6.24 464.7 0.243 0.521

26 1 890.5 6.94 0.12 364.4 6.95 0.05 6.95 526.2 0.227 0.591
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4.2 Analysis

Discharge Coefficient. The discharge coefficientsCw obtained in the tests ranged from
0.20 to 0.45. Equation (7) shows that the discharge coefficient of the side weir in this
project depends on Fr1 (upstream Fr number) and the dimensionless water depth h2/P.
Figures 5 and 6 illustrate the relationship betweenCw and h2/P and Cw and Fr1, respec-
tively. It can be observed from these figures that the discharge coefficient Cw decreases
as h2/P increases and increases as Fr1 increases. These findings are in general agree-
ment with the conclusions presented in the paper [9]. By fitting the data, the relationship
between the discharge coefficient Cw and Fr1 and h2/P is obtained as follows:

Cw = Fr0.1351

(
h2

/
P

)−0.599−0.02 (8)

A deviation analysis of the discharge coefficient formula is presented in Fig. 7,
showing good correlation between the calculated and measured discharge coefficients,
with a correlation coefficient of R = 0.978 and an average error of approximately 3%
and a maximum error of 7%.

Fig. 5. Plot of h2/P vs. Cw.

Outflow Efficiency. When determining the type of side weir body, the paper [10] sug-
gests that the Outflow Efficiency η (η =Qw/Q1) of the side weir is related to factors such
asFr2 (downstreamFr number) and the dimensionless water depth h2/P. Figure 8 shows
the relationship between the Outflow Efficiency η and Fr2. The test results show that the
Outflow Efficiency correlates well with the downstream Fr2, and the Outflow Efficiency
decreases as the downstream Fr2 increases, indicating that the intake efficiency of the
side weir is relatively low when the main channel is flowing rapidly. Figure 9 shows
the relationship between the Outflow Efficiency η and h2/P, and the overall correlation
between the Outflow Efficiency η and h2/P is relatively poor, although the correlation
is positive.
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Fig. 6. Plot of Fr1 vs. Cw.

Fig. 7. Comparison between observed and predicted Discharge Coefficient.

Defining dimensionless parameters:

χ = 1/Fr2)(h2/P) (9)

It is widely accepted that the outflow efficiency η is significantly correlated with the
dimensionless parameter χ [10], which is defined as:

η = 1− 1

cχδ
(10)
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Fig. 8. Plot of Outflow Efficiency η versus Fr2.

Fig. 9. Plot of Outflow Efficiency η versus h2/P.

where c and δ are the parameters in the regression model. Using the least squares method
to fit the above parameters, the values of c and δ for this project are obtained as 0.778
and 0.182, respectively. The correlation coefficient R is 0.88, and the fitting results are
presented in Fig. 10. The comparison between the measured and predicted values of
Outflow Efficiency η is shown in Fig. 11. The overall relationship between the test value
and the fitted value is more consistent, but there is still some error, with a maximum
error of approximately 28%.
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Fig. 10. Relationship between Outflow Efficiency η and χ.

Fig. 11. Comparison between observed and predicted outflow efficiency.

5 Conclusion

Side weirs are common hydraulic structures in many industrial and agricultural appli-
cations, and their importance has been demonstrated in relevant scientific and technical
papers. In this paper, a series of tests on side weir diversion discharge coefficients and
outflow efficiency based on a 1:50 normal channel physical model are conducted. All
tests are based on dimensionless weir length b

P = 36, B
P = 135, and θ = 31°, where Fr1

ranges from 0.12 to 0.56 and tailwater conditions h2/P range from 3.45 to 7.46.

(1) In the case of the determined side weir body type, the discharge coefficient Cw

decreases as h2/P increases and increases with the increase of Fr1. Formula (8)
is used to calculate the discharge coefficient Cw, with a correlation coefficient R =
0.978.After analysis, the calculated discharge coefficient and themeasureddischarge
coefficient correlation are good, and the error is within 8%. Similar projects can use



Experimental Study on Flow Capacity 255

this fitting formula to calculate the discharge coefficient of the side weir applicable
to their project.

(2) There is a relationship between the side weir outflow efficiency η and factors such as
Fr2 (the downstream Fr number) and the dimensionless water depth h2/P. The corre-
lation between the outflow efficiency η and Fr2 is good, with the outflow efficiency
decreasing as Fr2 increases, indicating that the faster the flow, the lower the outflow
efficiency of the side weir at the same flow rate. The correlation between the outflow
efficiency η and h2/P is positive, but the correlation is relatively poor. Reference
[10] gives the relationship between the outflow efficiency and the dimensionless
parameter χ, see Eq. (10), where c = 0.778 and δ = 0.182 for this project, and the
correlation coefficient R = 0.88. The test value and the fitted value are generally
more consistent, but there is still a certain error, with the maximum error being about
28%. The definition of the dimensionless parameter χ needs further study.

(3) Many factors influence the flood diversion capacity of side weirs, and this paper
only focuses on a specific project, which still has certain limitations. Further series
of studies can be conducted on the slope drop at the top of different side weirs �,
weir width b, diversion angle θ, weir height P, and other factors.
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Abstract. With the successive promulgation of rural environmental governance
policies in China, rural sewage treatment has become a hot topic. In response to
the problem of traditional unified sewage collection and treatment model being
difficult to adapt to in rural China, this article systematically investigates academic
literature and engineering projects in China since 2000. The main problems exist-
ing in the existing rural governance are: the design scale of the project is too large;
the water quality of the project inlet design is too high; the sewage pipe network
is blocked and damaged; the sewage treatment facilities are not acclimated to the
local conditions. Therefore, this article proposes a new model of rural sewage
treatment and resource utilization that is ‘source separation, classified discharge,
qualitative treatment, and recycling’, and provides three utilization scenarios and
suitable technologies. In addition, it also explores the economic performance of
this new model. The new sewage treatment concept proposed in this study will
provide reference for further improving the rural sewage treatment rate in China.

Keywords: Rural Domestic Sewage · Treatment Model · Rural Environment ·
Domestic Sewage · China

1 Introduction

China has invested a large amount of construction funds, aiming to create a beautiful
ecological and livable countryside, so that farmers can have a greater sense of gain
and happiness in rural revitalization [1]. According to research data from the Prospec-
tive Industry Research Institute, the investment in rural sewage treatment in China has
shown a rapid growth trend, with a cumulative investment of over 300 billion RMB
(Renminbi) from 2016 to 2021. At present, rural areas in China involve 520000 admin-
istrative villages, with a population of 55.4% in the country. The annual sewage volume
exceeds 10 billion tons [2], accounting for nearly 50% of urban sewage. According to
the Bulletin of the Second National Pollution Source Survey of China, the discharge
of chemical oxygen demand, ammonia nitrogen, total nitrogen and total phosphorus in
rural domestic sewage reached 4.9962 million tons, 245 million tons, 446.5 million tons
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and 36.9 million tons respectively. According to data from the Ministry of Ecology and
Environment of China in 2023, the average treatment rate of rural sewage in China is
31%, with economically developed areas ranging from 30% to 90% (see Fig. 1). The
current urban domestic sewage treatment rate in China has reached 97.89% [3], while
the rural domestic sewage treatment rate is much lower than that in urban areas. Com-
pared with the popularization rate of rural tap water in China [4], the statistical rural
sewage treatment rate is much lower than the popularization rate of tap water. Therefore,
a large amount of rural sewage cannot be effectively treated, and China’s rural sewage
still needs to increase its treatment efforts.

(a) National rural sewage treatment rate from 2021 to 2022

(b) Popularization rate of rural tap water in China

Fig. 1. Current situation of rural water supply and sewage treatment in China.

In order to comprehensively promote the improvement of rural living environment,
China has issued a series of policy documents and standards. Overall, our rural sewage
treatment has gone through three stages (see Fig. 2): the embryonic stage (before 2015),
the growth stage (from 2015 to 2015), and the mature stage (after 2045). Overall, the
foundation of rural domestic sewage treatment is weak, and the task remains arduous.
Between 2016 and 2021, the rural sewage treatment rate inChina only increased by about
6%, and the rural sewage treatment rate is still at a relatively low level. Therefore, through
literature research (Period: since 2000; Tool: Citespace) and on-site investigation, this
article summarizes many main aspects that restrict rural sewage treatment:
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Fig. 2. Development history of rural sewage treatment of China.

(1) The engineering design scale is too large. At present, the designed discharge vol-
ume of rural domestic sewage is 100–150 L/ (person � day) for calculation, but the
actual value is only 50% of the design value. This is mainly because the construction
of rural sewage pipelines in China is relatively small, and latrine pits are commonly
used in rural areas, where feces and urine are directly utilized as resources. However,
some miscellaneous water such as laundry water in daily life is directly discharged
through courtyard infiltration, only kitchen water and bath water are discharged
through the sewer. The inflow of sewage treatment facilities depends on the actual
rural population and water usage habits. The large designed water volume leads to
high investment, sedimentation of sewage pipe networks, and difficulty in normal
operation of treatment facilities.

(2) The design water quality of the engineering inflow is relatively high. The design
of sewage treatment engineering is based on the mixed concentration of black water
and gray water, usually with a COD concentration of 250-300mg/L in the influent,
which deviates greatly from the actual situation. The inlet water quality of sewage
treatment facilities depends on the discharge path of sewage from farmers’ homes,
and the inlet water quality of each row of the project should be reasonably designed
based on the actual drainage habits of local residents.

(3) The sewage pipe network is blocked or damaged. The construction and mainte-
nance of rural sewage pipelines are not in place, and there are serious issues of mixed
connection, wrong connection, and damage. The problem of not building household
collection pipes in the construction of sewage pipe networks is quite common, and
treatment facilities cannot receive sewage. A large number of villages have not built
sewage collection pipelines, and sewage is transported through rainwater pipelines,
polluting surrounding water bodies.
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(4) Sewage treatment facilities are not suitable for rural areas.The normal operation
rate of rural domestic sewage treatment facilities is not high, and the situations that
cannot operate normally include large design scale, abnormal operation of facilities,
shutdown of facilities, substandard effluent quality, incomplete or damaged pipeline
network, and low inlet water quality (see Fig. 3).

Fig. 3. Proportion of abnormal operation of rural sewage treatment facilities.

The reasons for the above-mentioned problems in rural domestic sewage are mainly
due to copying the urban drainage treatment model and neglecting rural water usage
habits from the source (see Fig. 4). The traditional mixed discharge mode of sewage
makes it difficult to fully utilize organic resources and pollute the environment. Urine
and feces are internationally recognized as the second phosphate rock, and the traditional
drainage mode of phosphorus is extremely wasted in landfills. Phosphorus is a nonre-
newable resource, and the existing phosphorus resources can only be used for 100 years.
In recent years, China has emphasized resource recycling in rural sewage treatment,
especially feces and water resources [5].

Based on the concept of resource recycling, combined with the practice of existing
rural sewage treatment projects, this paper proposes a new low-carbon ecotype treatment
model of “classified treatment and recycling” of rural sewage, which aims to provide a
reference for the future development of differentiated treatment and resource utilization
of rural sewage in different regions of China.

2 Comparative Analysis of the Characteristics of Rural Sewage
Treatment Models at Home and Abroad

Various countries have attempted various operational models to achieve rural sewage
treatment. For example, there are five rural sewage treatment modes in the United States
[6], namely, homeowner awarenessmode,maintenance contractmodel, operating permit
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Fig. 4. Unified sewage discharge mode.

model, responsiblemanagement entity (RME) operation, responsiblemanagement entity
(RME) ownership model, which are mainly determined according to water environment
sensitivity and process complexity [7, 8]. The operation mode of rural sewage treatment
in South Korea is divided into direct management by local governments and entrusted
management [9]. The infrastructure of EU countries is well-established, and they mainly
use centralized management to treat rural sewage [10]. Rural areas are charged 30% of
the standard for urban residents, ensuring the good operation of the system. In Japan,
rural sewage is mainly treated jointly by the government, third-party institutions, and
users. There are three modes of treatment: piped treatment, centralized treatment in
villages and towns, and purification tanks [7, 10]. The operation is mainly carried out
by third-party companies, and farmers are required to pay pollution discharge fees. The
successful experiences of various countries provide valuable experience for China to
carry out rural sewage treatment in the future.

At present, there are three main types of sewage treatment models in China [11],
namely the piped treatment model (connected to the urban sewage pipeline network
for unified treatment), the centralized treatment model (constructing centralized sewage
treatment facilities), and the decentralized treatment model (constructing decentralized
sewage treatment facilities). The characteristics of eachmodel [12] are shown in Table 1.
(1) The operation effect of the Nanotube processing model is relatively good, and it
should be adopted in rural areas within 3km of urban sewage treatment plants (sewage
treatment pipelines can usually extend for about 5km [9], and investment in pipelines
beyond this range will greatly increase). (2) The centralized processingmode often lacks
professional facility operation and post maintenance [13], requires large investment, and
is not suitable for rural areas with low population density and dispersed population.
In addition, there are significant differences in the production and lifestyle of rural
areas compared to urban areas. The daily fluctuations in the quality and quantity of
rural domestic sewage [7] have led to an increase in the difficulty of sewage treatment.
Finally, many centralized sewage treatment systems in China do not operate or have
poor operational effects. (3) For the decentralized treatment model, it is unrealistic to
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build sewage treatment plants in many rural areas due to low population density and
dispersed households, but the construction cost of decentralized treatment is relatively
high. Therefore, cost-effective decentralized sewage treatment technology is sustainable
andnecessary for rural areas [15]. In addition, the difficulty of operating sewage treatment
technology is also a major factor limiting the decentralized treatment of rural sewage.
Although some researchers have attempted to develop low-cost and easy to operate
sewage treatment devices, such as a multi soil layered sewage treatment system (MSL)
[16], its practical application effect still needs to be verified.

Table 1. Characteristics of rural sewage treatment mode in China.

Model Connotation Characteristic Applicable conditions

Nanotube
processing

Incorporate rural
domestic sewage
pipelines into the
municipal pipeline
network for unified
treatment by urban
sewage treatment
plants

Low investment, short
construction cycle, fast
efficiency, and
convenient management

Suitable for areas close
to urban sewage plants
(about 3 km [14])

Centralized
processing

Build a new
supporting sewage
pipe network
collection system to
collect and treat
residential sewage
uniformly

Unified collection,
transportation, and
processing

Suitable for central
villages, residential
areas, or natural villages
with a certain population
and relatively
concentrated residential
areas

Decentralized
processing

Sewage is collected
by multiple
households or single
households and then
treated separately

Flexible layout, cost
saving of pipeline
network, and simple
structure

Suitable for non
ecologically sensitive
areas, villages with
scattered populations, or
villages with unsuitable
elevation and terrain for
laying pipeline networks

3 New Models for Rural Sewage Treatment

3.1 Model and Concept

This article proposes a new rural sewage treatmentmodel of “source separation, classified
discharge, qualitative treatment, and recycling”, and its technical schematic is shown in
see Fig. 5. There are three specific models based on the size of the rural population
served.
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– Centralized collection and processing model. The characteristic of this model is
to classify and collect domestic sewage from the source, forming two sewage trans-
mission pipelines. The first pipeline is to mix and collect kitchen washing sewage,
shower sewage, and other lightly polluted domestic miscellaneous water. After being
collected through the pipeline, it is transported to the gray water treatment station.
After simple and low consumption “physicochemical + ecological” treatment, the
effluent quality can reach the standard of recycled water quality, which can be reused
for agricultural irrigation nearby sprinkling, flushing or supplementing natural water
bodies to achieve the recycling of water resources. The second pipeline mainly col-
lects toilet drainage, and the toilet is a negative pressure collection toilet (the water
consumption of stool/urination is 1L/0.1L each time). The collected black water is
transmitted to the blackwater treatment station (blackwater recycling center) through
the negative pressure collection and transmission system, where the rural agricultural
wastes such as straw, livestock manure and kitchen waste are mixed in proportion to
produce solid organic fertilizer and liquid organic fertilizer through anaerobic/aerobic
fermentation, The fermented fertilizer should be applied to nearby farmland to achieve
a virtuous ecological cycle of nutrients such as C, N, and P.

– Decentralized collection and processingmodel. This mode is similar to the central-
ized collection and processing mode, with the main difference being that the number
of people serving is relatively small. Therefore, small gray water and black water
treatment devices are used, and after treatment, they are directly reused on site.

– Decentralized collection and centralized processing model. When farmers are
scattered, it is recommended to use an anhydrous toilet for black water collection.
The generated feces and urine are packaged and stored in biodegradable bags in a
fecal collector. Professional operators collect feces regularly and return the produced
organic fertilizer to the countryside in proportion to the amount of recovered feces
and urine, achieving a virtuous cycle of this model.

3.2 Performance Analysis

To further elaborate on the economy of the rural sewage treatment model proposed in
this study, this study takes a rural area with 300 people and a centralized collection
and treatment model as an example for economic accounting analysis. According to the
reference values of gray water design discharge and black water design discharge in
the “Design Standards for Building Water Supply and Drainage” GB50015-2019, the
treatment scale of graywater and blackwater in this project is calculated to be 33.15m3/d
and 1.775 m3/d respectively, with an investment of approximately 4.34 million RMB
(Table 2). The annual operating cost of black water and gray water is 127400 RMB, and
the investment recovery period is 8.31 years. It can be seen that the investment benefits
of this new model are significant and have strong promotion and application value.
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(a) Centralized collection and processing model

(b) Decentralized collection and processing model

(c)  Decentralized collection and centralized processing model

Fig. 5. The new rural sewage treatment model based on source separation.
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Table 2. Benefit analysis of new model of rural sewage treatment.

Investment, operation and maintenance, and benefits of the project Cost/10000 RMB 

Initial in-
vestment 

Grey water collection system, black water collection system 134 
Black water and gray water resource utilization treatment 
stations (separate resource utilization, gray water pre-
treatment + artificial wetland; black water production organ-
ic fertilizer) 

300 

Operation 
and mainte-
nance ex-
penses 

The direct operating cost of grey water resource treatment is 
generally 0.4~0.6 RMB/ton of water 

1.21 

The direct operating cost of black water resource treatment 
is generally about 0.2 RMB/ton of sewage 

0.064 

Benefit 
analysis 

Water  
saving 
benefits 

Black water (saving about 2628 m3/year, 
water price 5.95/m3) 

1.564 

Grey water (water saving of about 
657m3/year, water price of 5.95/m3) 

7.2 

Energy  
Saving 
benefits 

Saving 120000 RMB/year of medication 0.036 
Reduce electricity consumption for nitrogen 
and phosphorus removal by approximately 
5400 kWh (electricity price 0.56/kWh)

0.3024 

Economic 
performance 

Bioorganic fertilizer (6.27 tons per year, 
priced at 1500 RMB/ton) 

15.9 

Biogas (7.83 tons per year, priced at 3.5 
yuan/Nm3) 

27.4 

Note: Water and electricity prices are calculated based on Zhengzhou city. 

4 Conclusions

This paper has been proposed a new rural sewage treatment model based on the intensive
and economical utilization of water resources, namely “source separation, classified
discharge, negative pressure collection, and resource utilization”. The major differences
from the existing rural sewage treatment models can be addressed as below:

(1) The new sewage treatmentmodel has achieved the full resource utilization of sewage.
Grey water can be used for irrigation and domestic miscellaneous water after being
treated to reach recycled water; Black water is made into organic fertilizer and
ultimately returns to farmland.

(2) Compared with traditional sewage treatment models, the new sewage treatment
model has good water saving benefits, energy saving benefits, and economic
performance.

However, the following limitations of the study should be noted. Firstly, further
research and development are needed to develop black water solid-liquid separation
technologywith highwater content to improve the efficiency of fecal and urine treatment
and better achieve resource utilization. Secondly, the model proposed in this study was
only demonstrated in some regions and did not involve rural areas in all climate regions
of China.



The Sustainable Development Model 265

Acknowledgment. I acknowledge support from the National Key Research and Develop-
ment Program of China (2021YFC3201302), China Postdoctoral Science Foundation (No.
2022M711288), Advanced TechnologyDemonstration Project of theMinistry ofWater Resources
of the People’s Republic of China (SF-202206), and Yellow River Engineering Consulting Co.,
Ltd. Project (2022KY007).

References

1. Yang, B., Wen, W.: Treatment and technology of domestic sewage for improvement of rural
environment in China. J. King Saud Univ. - Sci. 34(7), 102181 (2022)

2. Wang, C., et al.: Revealing factors influencing spatial variation in the quantity and quality of
rural domestic sewage discharge across China. Process Saf. Environ. Prot. 162(6), 200–210
(2022)

3. Xu, Z.X., Xu, J.: Establishing an Assessment Index System for Sewage Treatment Works in
China. In Press, Engineering (2022)

4. Wang, T., Sun, D.L., Zhang, Q., Zhang, Z.Z.: China’s drinking water sanitation from 2007 to
2018: a systematic review. Sci. Total Environ. 757(8), 143923 (2021)

5. Zhou, X., et al.: China should focus beyond access to toilets to tap into the full potential of
its Rural Toilet Revolution. Resour. Conserv. Recycl. 178(3), 106100 (2022)

6. Huang, W.F., Wei, Y.F., Wang, H.X., Jia, Q.: The revelations on decentralized rural sewage
disposal policy and technology of the United States. Environ. Prot. 44(7), 63–65 (2016)

7. Kong, D., Zhang, X.L.: International experience study and suggestions on rural sewage
treatment operation model in China. Environ. Prot. 47, 61–64 (2019)

8. U.S. Environmental protection agency: Handbook for management of onsite and clustered
(decentralized) wastewater treatment systems, U.S. (Environmental ProtectionAgency, 2003)

9. Zhou, L., Li, B.H., Li, J.L.: Construction and management of rural drainage system in Korea.
Environ. Pollut. Cont. 31(6), 89–91 (2009)

10. Shen, Z., Huang, J., Liu, P.Y.: International experience in the treatment of rural domestic
sewage-Based on the comparison of the models of the United States, the European Union and
Japan. Price Theory Pract. 33(2), 49–50 (2013)

11. Han, G.Y.: Problems and optimization measures of rural domestic sewage treatment.
Heilongjiang Huanjing Tongbao. 35(1), 114–116 (2022)

12. Wang, T.X.: Study on rural domestic sewage treatment scheme. IOP Conf. Ser. Earth Environ.
Sci. 781(3), 32040 (2021)

13. Li, P.F., et al.: Analysis on the present situation and discussion on its treatment mode of rural
sewage treatment in China. Water Wastewater Eng. 57(12), 65–71 (2021)

14. Wang, Z.L., Cheng, Y., Shen, S.H., Fu, D.D.: Selection of rural domestic sewage treatment
mode and process. China Resour. Compr. Utilization. 39(5), 189–191 (2021)

15. Hong, Y.Y., et al.: Enhanced nitrogen removal in the treatment of rural domestic sewage using
vertical-flow multi-soil-layering systems: experimental and modeling insights. J. Environ.
Manage. 240(15), 273–284 (2019)

16. Xu, Y., et al.: Systematically assess the advancing and limiting factors of using the multi-
soil-layering system for treating rural sewage in China: from the economic, social, and
environmental perspectives. J. Environ. Manage. 312(12), 114912 (2022)



Comparative Study on Real-Time Economic
Operation Algorithm of Three Gorges

Hydropower Station

Kui Huang1, Zhenyu Mu2, Xuanyu Shi2(B), Xueshan Ai2,3,4, Jiajun Guo2,
and Jie Ding2

1 Power Dispatching Control Center, Guangxi Power Grid, Guangxi 530023, China
2 School of Water Resources and Hydropower Engineering, Wuhan University, Wuhan 430072,

China
1035518773@qq.com, xsai@whu.edu.cn

3 State Key Laboratory of Water Resources Engineering and Management, Wuhan University,
Wuhan 430072, China

4 Hubei Key Laboratory of Water System Science for Sponge City Construction (Wuhan
University), Wuhan 430072, China

Abstract. The study of flood season stage has significant scientific significance
and value in achieving the dual goals of flood control and drought resistance
in reservoirs. However, existing research on staging schemes often focuses on a
single hydrological indicator for staging calculations, which makes it difficult to
comprehensively measure the hydrological characteristics of the basin and is not
closely integratedwith reservoir scheduling. In response to this problem, this study
takes the Longtan Reservoir in Guangxi as the research object, first analyzing
the three indicators of rainfall, flood, and flow in the Longtan Basin, and then
using circular distribution method, fuzzy statistical test method, and the fuzzy set
analysis method and the multi-index identification method are used to calculate
the flood season staging. Finally, the flood season staging scheme of Longtan
Reservoir is determined based on the reservoir operationmode, and the advantages
and disadvantages of the four staging methods are analyzed in all aspects. The
results show that the staging scheme combined with the reservoir operation mode
can not only consider the nodes of hydrological index changes in the flood season,
but also take into account the shipping and water storage needs of the reservoir,
compared to directly using nodes for staging, it has stronger applicability. This
study can provide theoretical basis and reference for the determination of reservoir
flood season staging plans.

Keywords: Longtan Reservoir · Flood Season Stage · Hydrological Indicators ·
Reservoir Regulation

1 Introduction

Under the premise of ensuring dam safety and downstream flood control safety, imple-
menting phased scheduling of reservoirs is an important measure to improve the prof-
itability of reservoirs. Studyingflood season staging has significant scientific significance
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and value for achieving the dual goals of flood control and drought resistance in reser-
voirs [1, 2]. After analyzing and improving existing research results, there are basically
two types of analysis methods for flood season staging: qualitative analysis method and
quantitative analysis method [3, 4]. The qualitative analysis method mainly analyzes
the change law of hydrological elements such as rainstorm and flood in the basin, and
selects the mutation points of each element in the flood season by applyingmathematical
statistics and other methods. This method is simple and clear, but subjective, and the
results are highly uncertain; The quantitative analysis method is based on mathematical
calculations, with clear principles and strong objectivity, thus receivingmorewidespread
attention [5]. Among them, the clustering analysis method [6, 7] comprehensively con-
siders the influence of various factors on the flood season staging, and uses the similarity
coefficients in the calculation elements of feature factors to form a fuzzy similaritymatrix
as the staging basis; The change point analysis method [8, 9] is objective and reliable,
and the staging results can be accurate to the day; The relative frequencymethod [10] can
intuitively represent the probability and trend of flood occurrence, and the calculation
steps are relatively simple. Zhou et al. [11] used the probability change point analysis
method for flood season staging. Li et al. [12] first processed the flood process, and then
used the circular distribution method for flood season staging, achieving certain results.

Overall, statistical methods need to be used to process indicators such as rainfall,
flood, and flow during the flood season staging process. The magnitude and occurrence
time of these indicators are the primary considerations in the flood season staging pro-
cess. However, existing staging schemes often focus on one hydrological indicator for
staging calculations, making it difficult to comprehensively measure the hydrological
characteristics of the basin and not closely integrated with reservoir scheduling. To
address this issue, this paper takes Longtan Reservoir in Guangxi as the research object.
First, it analyzes the three types of indicators such as rainfall, flood and flow in Longtan
Basin. Then it calculates the flood season by stages using circular distribution method,
fuzzy statistical test method, fuzzy set analysis method and multi-indicator identifica-
tion method in turn. Finally, it determines the flood season staging scheme of Longtan
Reservoir in combination with the reservoir operation mode. This study can provide
theoretical basis and reference for the determination of reservoir flood season staging
plans.

2 A Subsection Sample

In order to cover the three stage indicators and compare and analyze their character-
istics, this study uses circular distribution method, fuzzy statistical test method, fuzzy
set analysis method and multiple indicator identification method to calculate the flood
season stage. The circular distribution method uses flood indicators, fuzzy statistical test
method and fuzzy set analysis method use flow indicators, and the multiple indicator
identification method uses rainfall indicators, flow indicators and flood indicators.
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2.1 A Subsection Sample

Di is the peak occurrence time, and Qi is the magnitude of the flood peak of the flood
sample i, so the flood time coordinate values (xi, yi) are [13]:

(xi, yi) =
{

(cosαi, sin αi), without considering flood magnitude

(qi cosαi, qi sin αi), considering flood magnitude
(1)

(x, y) =
(

N∑
i=1

xi/N ,

N∑
i=1

yi/N

)
(2)

In which N is the sample size; αi = Di
2π
T is the occurrence time of the flood i

(angle), 0 ≤ αi ≤ 2π .
α is the concentration period of the flood, which is:

ᾱ =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

arctan ȳ
/
x̄ x>0, y>0

2π + arctan ȳ
/
x̄ x>0, y<0

π + arctan ȳ
/
x̄ x<0

π
/
2 x = 0, y>0

3π
/
2 x = 0, y<0

/ x = 0, y=0

(3)

And the concentration r is:

r =

⎧⎪⎨
⎪⎩

√
x2 + y2, without considering flood magnitude√
x2 + y2/q, considering flood magnitude

(4)

Where q is the mean of N sample flood peaks.
The relationship between r and the standard deviation s of αi is as follows:

s = √−2 ln r (5)

The starting and ending days D1 and D2 of the main flood season in the calculation
period are respectively:

D1 = α − s

2π
T (6)

D2 = α + s

2π
T (7)

2.2 Fuzzy Statistical Test Method

The formula of Fuzzy statistical test method is [14]:

Dt = [
N∑
i=1

(Qi,t − Qy)/Qy]/N (8)
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Where Qi,t is the average daily runoff on the day t of the year i; Qy is the multi-year
daily average flow; N is total years.

Select an appropriate positive number as the membership threshold, and if the
membership exceeds the threshold, it is the member of the flood season.

2.3 Fuzzy Set Analysis Method

Firstly, the threshold QT is determined based on the actual situation of the watershed.
Then, for the i year flood season, the flood season time of the i year is determined based
on the start and end times greater than or equal to the threshold QT . After years of
calculation, for a certain time t, the number of times it is covered by the flood season
is mi, and its membership degree UA(t) can be calculated by: UA(t) = mi/N , and an
empirical membership function can be drawn. Then, the start time a1 and end time a1
of the main flood season can be determined based on the threshold QT , and perform
function fitting on the obtained empirical membership function, which is [15]:

UA(t) =

⎧⎪⎨
⎪⎩
exp[−( a1−t

b1
)2] t < a1, b1 > 0

1 a1 ≤ t ≤ a2
exp[−( t−a2

b2
)2] t > a2, b2 > 0

(9)

b1 =
√

−
∑a1

i=1
(a1 − i)2/

∑a1

i=1
ln ui (10)

b2 =
√

−
∑T0

i=a2
(i − a2)2/

∑T0

i=a2
ln ui (11)

Where T0 is the last time of flood season, and ui is the empirical membership in day i.
Draw the curve of fitting membership function. Keep the threshold λ unchanged

and determine the main flood season A′
λ = [a′

1, a
′
2] in the figure. Where a′

1 and a′
2 are

the starting and ending time of main flood season determined by the fitting curve of
empirical membership function. The final main flood season can be obtained by taking
Aλ and A′

λ compromise values.

2.4 Multiple Indicators Identification Method

The calculation steps for the multiple indicators identification method are [16]:
Set the eigenvalues matrix of m indicators during the flood season as

X = (xit), i = 1, 2...,m (12)

Where xit is the characteristic value of the time series t indicator i.
For the larger and smaller optimal indicators in the indicator eigenvalue matrix, there

are:

ki1 = max xit, ki2 = min xit (13)

ki1 = min xit, ki2 = max xit (14)
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Where max xit、min xit are the maximum and minimum eigenvalues of the time series
set indicators respectively.

According to the matrix X and the above equation, the matrix can be obtained:

K = (kih), i = 1, 2, ...,m; h = 1, 2 (15)

The relative membership formula is:

μi1(ut) = xit − ki2
ki1 − ki2

(16)

The comprehensive relative membership degree is:

vt(ut) = 1

1 + {
m∑
i=1

[ωi(1−μi1(ut))]p
m∑
i=1

[ωiμi1(ut)]p
} α
p

(17)

Where α,p are parameters; α = 1 is the least one squares optimization criterion param-
eters; α = 2 the least two squares optimization criterion parameters; p = 1, p = 2
are Hamming distance and European distance parameters respectively,ωi are variable
indicator weights, such as using equal weights, the above formula is simplified as:

vt(ut) = 1

1 + {
m∑
i=1

[1−μi1(ut)]p
m∑
i=1

[μi1(ut)]p
} α
p

(18)

The time series with a comprehensive relative membership degree of 0.5 is the node
corresponding to the flood season stage.

3 Case Study

The Longtan Reservoir is located 15 km upstream of Tiane County in Guangxi, and was
fully put into operation and completed by the end of 2009. This study analyzes the daily
flow data from 2010 to 2022 after the completion of the Longtan Reservoir, providing
reference for its actual scheduling in the event of changes in water conditions after its
completion.

3.1 Analysis of Hydrological and Meteorological Indicators in River Basins

Based on the rainfall data of Longtan Basin, this study takes ten days as the unit, uses the
number of heavy rainstorm and the average rainfall of ten days as the rainfall indicators,
and counts the index values, as shown in Table 1 and Fig. 1:

In terms of flood indicators, this study adopts flood peak size indicators and annual
maximum flood peak occurrences within ten days. The flow indicators adopt multi-year
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Table 1. Statistics of rainfall index values.

Indicator type Early-May Mid-May End-May Early-June Mid-June End-June

Number of rainstorm 1 2 5 11 9 9

Ten-day average rainfall 40.30 53.50 58.50 38.10 43.10 40.20

Indicator type Early-July Mid-July End-July Early-Aug Mid-Aug End-Aug

Number of rainstorm 7 7 4 4 9 5

Ten-day average rainfall 39.70 42.90 35.30 43.30 35.60 47.2

Indicator type Early-Sep Mid-Sep End-Sep

Number of rainstorm 4 3 3

Ten-day average rainfall 35.90 48.30 30.20

Fig. 1. Statistics of rainfall index values.

average inflow and daily inflow indicators. The historical flood information of each site
is shown in Table 2. The annual maximum flood peak occurrences within ten days, i.e.
multi-year average inflow, are shown in Table 3 and Fig. 2. The daily average inflow
curve during the flood season is shown in Fig. 3.

Obviously, the change trend of the two rainfall indicators of heavy rainstorm fre-
quency and ten day average rainfall in the Longtan basin is basically consistent, which
better reflects the rainfall law in the basin. At the same time, the ten day average rainfall
at both ends of June and early July is higher, and forms a corresponding relationship
with the peak of the daily average inflow curve around July 1, indicating that the corre-
sponding time of rainfall runoff in the Longtan basin is shorter in the middle of June and
July, which is more likely to cause floods. In addition, in recent years, the distribution
of floods in the Longtan Basin has been relatively scattered, but most of them still occur
in July, which corresponds to rainfall and flow indicators.

On the other hand, in terms of the multi-year average inflow index, there is a peak
period at the end of September, which to some extent indicates that the end of flood
season is not only a critical time for water storage, but also a high risk of flood control.
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Table 2. Historical flood information of each event.

Date Peek (m3/s) Date Peek (m3/s)

2010/6/30 8932 2020/6/10 5421

2010/7/26 5385 2020/6/25 6392

2014/7/5 6370 2020/7/4 5972

2014/7/19 6167 2020/9/18 8949

2014/9/21 6932 2022/5/31 9023

2015/6/22 6957 2022/6/6 7090

2015/8/30 6073 2020/6/10 5421

2016/6/13 6271 2020/6/25 6392

2017/7/2 6429 2020/7/4 5972

2017/7/22 5598 2020/9/18 8949

2017/9/8 6758 2022/5/31 9023

2018/6/24 6232 2022/6/6 7090

Table 3. Statistics of average annual inflow and frequency of flood peaks over ten years.

Indicator type Early-May Mid-May End-May Early-June Mid-June End-June

Average ten days
inflow

1049.8 1399.7 1706.4 2074.1 2471.9 2783.6

Number of annual
maximum peak in ten
days

0 0 1 0 3 2

Indicator type Early-July Mid-July End-July Early-Aug Mid-Aug End-Aug

Average ten days
inflow

2804.7 2345.1 2488.9 2036.8 1971.8 1768.1

Number of annual
maximum peak in ten
days

2 1 1 0 0 0

Indicator type Early-Sep Mid-Sep End-Sep

Average ten days
inflow

1786.4 1776.7 1679.0

Number of annual
maximum peak in ten
days

1 1 1
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Fig. 2. Statistics of the index values of average annual inflow and frequency of flood peaks over
ten years.

Fig. 3. Multi-year daily average flow hydrograph.

3.2 Comparison and Analysis

Based on the above three indicators, circular analysis method, fuzzy set analysis method,
fuzzy statistical test method and multi indicator identification method are used for cal-
culation. The calculation results are shown in Figs. 4, 5, 6 and 7, and the calculation
stage nodes of each method are shown in Table 4:

Based on the analysis of the principles, calculation processes, and results of the four
staging methods, it can be concluded that:

(1) The circular distributionmethod and fuzzy set analysismethod can effectively divide
the stage of low flow and low number of floods before the flood season and the
impounding stage at the end of the flood season, with strong objectivity, but it is
difficult to reflect the change process of flow and flood frequency during the flood
season. In addition, except that the flood peak corresponding to the field flood on
June 23, 2010 is higher, the rest of the peak flows have little difference, so the results
of considering the peak and not considering the peak are only one day different;

(2) The fuzzy statistical experimental method takes traffic as the direct statistical object,
with a simple principle and intuitive image, which is easy to operate. However, when
dealingwith complex traffic changes, this method has a certain degree of subjectivity
in selectingmembership threshold and stage node operations, and themethod results
are not convincing enough;

(3) The fuzzy set analysis method takes the flow as the index, and the method itself has a
strong objectivity. However, since the start time and end time of the flood season are
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Fig. 4. Calculation results of circular distribution method.

Fig. 5. Calculation results of fuzzy statistical experimental method.

Fig. 6. Calculation results of fuzzy set analysis method.
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Fig. 7. Calculation results of multiple indicators identification method.

Table 4. Four staging methods for calculating staging nodes.

Method First node Second node

Circular distribution method (Considering flood peaks) May 22nd July 27th

Circular distribution method (Without considering flood peaks) May 23rd July 26th

Fuzzy statistical test method June 5th August 21st

Fuzzy set analysis method May 28th August 9th

multiple indicators identification method June 7th July 20th

determined by the average annual runoff, there may be a large gap between different
years, which is difficult to unify;

(4) Themulti indicator recognitionmethod can usemultiple different types of indicators
for decision-making, covering a wide range of content and having strong objectivity
and comprehensiveness. However, this method is more suitable for using indicators
with the same changing trend. When using indicator types with different changing
trends for calculation, the membership degree of the time period calculated by this
method often fluctuates greatly and the law is not obvious, Enhance subjectivity in
the final selection of staging nodes.

3.3 Final Installment Plan Determination

According to the chronological order of the nodes obtained by the above three methods,
they can be roughly divided into two sets: the first node selection set: May 22nd, May
22nd, May 28th, June 5th, and June 7th; The second node selection set: July 20th, July
26th, July 27th, August 9th, and August 21st. Considering the shipping demand at the
beginning of the reservoir operation flood season, the power generation demand at the
end of the flood season, and the water storage demand, the time of the first and third sub
flood seasons should be extended as much as possible, and the flow corresponding to
the transition period between the second and third sub flood seasons should be as large
as possible. At the same time, for the convenience of actual operation of the reservoir, it
should be divided into ten days, based on this, two initial stages were selected: June 1st
and July 20th. The stage results are shown in Table 5.
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Table 5. Final stage plan.

First sub-season Second sub-season Third sub-season

Final Stage Plan May 1st–May 31st June 1st–July 20th July 21st–September 30th

4 Conclusion

Taking Longtan Reservoir in Guangxi as the research object, this paper analyzes three
types of indicators of rainfall, flood and flow in this area, and calculates themby using cir-
cular analysis method, fuzzy set analysis method, fuzzy statistical test method and multi
indicator identification method according to the characteristics of indicators, compares
and analyzes the calculation results of each method, and finally determines the staging
scheme in combination with the actual operation of the reservoir. The conclusions are
as follows:

(1) The circular distribution method has strong objectivity, but it is difficult to reflect the
changes in flow and flood frequency during the flood season; The fuzzy statistical
experimental method takes the flow rate as the direct statistical object, with a simple
principle and intuitive image, which is easy to operate but has a certain degree of
subjectivity; The fuzzy set analysis method takes the flow as the indicator, and the
method itself has strong objectivity, but there may be a large gap between different
years, which is difficult to unify; The multi indicator recognition method covers a
wide range of content and has strong objectivity and comprehensiveness, making it
more suitable for using indicators with the same trend of change.

(2) The staging plan combined with the purpose of reservoir scheduling can not only
consider the nodes with changes in hydrological indicators during the flood season,
but also take into account the shipping and water storage needs of the reservoir.
Compared to directly using nodes for staging, it has stronger adaptability.
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Abstract. To make better prediction and control of river water navi-
gation in a Danish city - Vejle, the Long-Short-Term-Memory (LSTM)
neural-network model is adopted to predict the water-level nearby a high
flooding-risk area using correlated historical data. A set of feedback con-
trol solutions are developed based on the extension of the obtained LSTM
model to automatically regulate a distribution-gate system, which guides
the coming stream-flow into separated urban rivers. The proposed con-
trol solutions are tested in simulation based on four historic events, and
it can be observed that two floods at the critical areas since 2017 could
have been prevented by balancing flow-splits using automatic feedback
control, which was manually controlled in the past. This study demon-
strates a clear and promising potential to use machine learning methods
for supporting development of smart cities and their climate adaption
strategies.

Keywords: Urban rivers · flood prediction · LSTM · flood control

1 Introduction

In July 2021, some part of the western Europe, particularly in Germany and Bel-
gium, experienced severe floods along the rivers of Rhine and Meuse, due to a
record-breaking precipitation. This catastrophic event led to a loss of more than
200 lives [1]. According to IPCC’s report [2], the frequency of extreme rainfalls
has significantly increased since 1950s, and this trend has been evidenced by
more and more flood events in recent decades. The climate change is one of the
drivers behind these extreme precipitation events [3]. Analyzed by The World
Meteorological Organization, 44% of disasters reported worldwide between 1970
and 2019 has been associated with floods, which caused 16% of reported deaths
and 31% of reported economic losses. Corresponding to the river floods specifi-
cally, it is about 24% of disasters, leading to 6% of deaths and 21% of reported
economic losses. It has also been noticed that about 66% of reported disasters
in Africa between 2000 and 2019 were due to floods [4].
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Precise prediction of water-levels or stream-flows in urban rivers has become
crucial in climate adaption of global municipalities. The EU commission issued
the European Flood Awareness System (EFAS) after the flooding catastrophe
of Danube and Elbe rivers in 2002 [5]. The EFAS did notify a warning for the
Rhine River Basin four days before the 2021 flooding occurred [6]. Besides that,
the European Commission issued the European Floods Directive in 2007 which
instructed its member states to evaluate which areas are at risk of floods and to
prepare flood risk management plans for these areas accordingly [3].

Conventional approach for river/lowland flood prediction and warning is
to use hydro-meteorological models which often require accurate and sufficient
hydro- and meteorological information [7]. In recent decades the data-driven AI
technologies, such as deep neural networks and machine learning, are causing
more and more attentions for relevant climate adaption studies, thanking to the
fact that this type of models can be built up based on just measurement data,
while the detailed knowledge of underlying processes may not be required. As an
extension of the standard Recurrent Neural Networks (RNN), the Long-Short
Term Memory (LSTM) neural network, firstly proposed in [8] by Hochreiter
and Schmidhuber, is considered as one of the most effective and efficient neural
networks for modeling and prediction of time series data, primarily due to its
capability to be able to catch potential long-term time dependencies present in
the input-output data. This is quite relevant for the purpose of stream-flow or
water-level forecasting in hydrological systems as the water can be held in some
catchments for a long while.

A set of LSTM models are developed for a real-time water-level forecast of
urban rivers at Fuzhou city [9]. This study showed that the LSTM forecast is
pretty accurate in the leading time of 3–6 h. By coupling a LSTM model, devel-
oped using radar precipitation measurements, with a Storm Water Management
Model, the accurate water-level predictions at Seoul is achieved for the leading
time of 30–90 min in [10]. By including each basin’s specific information into
the LSTM’s input, Shalev et al. proposed a single LSTM model for daily runoff
prediction for several hundred basins in [11], and their study illustrated that
the developed LSTM model outperformed the hydrological model which is cal-
ibrated with respect to individual basin. The study in [12] also discovered that
a properly trained LSTM model can outperform the linear regression, multi-
layer perception models, as well as the Support Vector Machines (SVM) models.
The accuracy of these predictions heavily depends on basins’ characteristics and
meteorological conditions, which can be implicitly modelled by specific LSTM
structure and parameters. The LSTM mmodeling method have also been applied
on fast flowing rivers. For example, Luppichini et al. trained a LSTM model for
water-level prediction at the Arno river basin in Italy, where parts of the basin
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have runoff times of just four hours [13]. Li et al. investigated two small and
medium sized basins in China, and discovered that the LSTM model can exhibit
a much more precise prediction capability compared with the applied convolu-
tional neural networks and SVM [14]. A cascaded LSTM model is proposed in
[15] to forecast daily stream-flow over 49 watersheds in the Yangtze River, where
the first LSTM is used to predict the future precipitation, and then the second
LSTM is designed to predict the stream-flow using the predicted precipitation
from the first LSTM.

It should be noticed that one major challenge of these data-driven models
and methods particularly in the hydrology applications is the lack of understand-
ing/explanation about how exactly these models work internally, with respect
to the situation that these models have no direct connection to the underly-
ing physical processes [16]. This open issue is common for many data-driven
approaches. By focusing on a specific high flooding risk area in Danish city of
Vejle, [17] proposed a Feed-Forward NN (FNN) model to make flood forecast
for a prediction period from 30 min to 4 h. It has been noticed that this type of
simple FNN model already showed an outperform compared with a commercial
model applied at the utility. However, it has also been observed that the achieved
results could be further improved in terms of its accuracy and computation loads.

This work focuses on the same concerned area and data as used in [17], but the
LSTM neural network is applied instead of a simple FNN model. Furthermore a
set of PI-based control solutions for a distribution-gate system is also developed
using a transfer function model spinet out from the obtained LSTM model.
Compared with most existing studies and literature, we believe that the novelties
of this work lie in:

– Different from most reported work which focus on the stream-flow forecasts,
here we focus on the direct forecast of water-levels at some critical flooding
areas;

– The temporally dynamic behavior of some special locations is focused, instead
from a spatial but steady-state perspective;

– An automatic control solution is proposed as a real-time proactive approach
to mitigate flooding risks.

The following of the paper is organized as: Sect. 2 gives the description of
the concerned area and challenge; Sect. 3 presents the LSTM modelling and its
results; Sect. 4 proposes a set of automatic control solutions for a manipulable
distribution system as a proactive approach to mitigate the flooding risks; and
finally, we conclude the paper in Sect. 5.
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2 Considered Area and Challenge

Vejle is a Danish city with approximately 58.000 inhabitants, located at the
southern half of the Jylland peninsula. It is the merging point of the Vejle Å
river and Grejs Å river. both rivers flow into the Vejle Fjord. The 22 km long
valley of the Grejs Å is the Danish largest river valley. The catchment of the Vejle
Å is around 245 km2, whereas the catchment of the Grejs Å is about 78 km2. Near
Abelones Plads in city of Vejle, the Grejs Å is separated into the Omløbs̊aen river
and Mølle̊aen river via a controlled distribution system (“fordelerbygværk”),
which is abbreviated as FBV in the following. The Omløbs̊aen river runs through
the Vejle’s centre and ends into Vejle Å, while the Mølle̊aen flows through the
city roughly parallel and to the east of Omløbs̊aen. The FBV system consists of
three pipes of 140 cm in diameter and equipped with individually controllable
gates. The opening percentage of these gates can be remotely controlled from
the central control station. The upstream area surrounding both Omløbs̊aen
and Mølle̊aen is considered as a high flooding risk area. The Omløbs̊aen is also
protected against high water-levels in Vejle Havn by a sluice and a set of pumps
installed there to pump water from Omløbs̊aen into Vejle Å when needed. The
water-levels in Vejle Å are uncontrollable. A map of the concerned rivers and
area is illustrated in Fig. 1.

From the municipality point of view, there are three prioritized expectations
regarding to the flood forecast and control of the river flows:

– First of all, the potential flood in the risk area at Aagade needs to be prevented
as much as possible;

– Secondly the flooding risk of Mølle̊aen also need to be prevented as much as
possible;

Fig. 1. Map of Vejle and its relevant rivers, where Risikoomr̊ade is the risk area
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– Thirdly, the FVB gates are preferred to be open as long as possible, with
respect to the concern that the Grejs Å is often seasonally visited by salmons
for spawn.

For the purpose of controlling the FVB, sluice and pumps, a set of water-level
measurements are installed at a number of stations as shown in Fig. 2. A set
of rain measurements are also taken in some of these stations. Table 1 provides
the concerned stations denoted by their reference numbers and their ground and
bank levels, respectively.

The first step in the flood forecast and control is to develop a LSTM model
to predict the dynamic behavior of the water-level at Aagade (ST. 32.21) and
also Abelones Plads (ST. 32.20) in a more precise real-time manner than the
conventional models can do. Because of the rapid response of the Grejs Å catch-
ment and the availability of a 2-h precipitation rainfall, we will limit this level
forecast to 4–12 h in this study.

Fig. 2. Locations of water-level measurement stations

Table 1. Locations of measurement stations with their ground and bank levels (G-level
& C-level)

Reference No. Location Unit G-Level C-Level

ST. 32.06 Grejsdalens Planteskole [m] 27.35 29.4

ST. 32.20 Abelones Plads, Mølle̊aen [m] 1.47 2.8

ST. 32.21 Aagade, Omløbs̊aen [m] 0.28 1.4

ST. 32.22 Ny Grejsdalsvej, Grejs Å [m] 1.67 3.6

ST. 32.23 Dæmningen, Mølle̊aen [m] –0.46 2
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3 LSTM Modelling

3.1 LSTM Neural Network

The LSTM neural network is a type of RNN equipped with the capability to be
able to catch potential long-term time dependencies in time series data, thereby
the risk of exploding/vanishing of gradients can be significantly mitigated [18].

As shown in Fig. 3, one typical LSTM cell consists of two types of internal
states, which are named as the hidden state denoted as ht, and the cell state
denoted as ct. These states follow the computations illustrated in Eq. (1) to
evolve from tth time instant into the next (t+1th) time instant. σ represents the
sigmoid function, tanh presents the hyperbolic tangent function, and � denotes
the Hadamard (element-wise) product. There are three different gates defined
inside the LSTM cell, represented by it, ft, ot, with the names of input, forget,
and output gates, respectively. The output of the LSTM cell is the hidden state
ht.

it = σ(Wiixt + bii + Whiht−1 + bhi)
ft = σ(Wifxt + bif + Whfht−1 + bhf )
gt = tanh (Wigxt + big + Whght−1 + bhg)
ot = σ(Wioxt + bio + Whoht−1 + bho)
ct = ft � ct−1 + it � gt

hk = ot � tanh ct

(1)

Fig. 3. A typical LSTM cell structure [8]
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In the case of a multi-layer LSTM model, the input of a hidden layer is the
hidden state of the previous layer as shown in Eq. (2). The Hadamard products
indicate that the gates it, ft, ot, as well as the states ct, ht should have the same
dimension. For example, the input dimension n denotes the dimension of the
input xt ∈ Rn to the first layer, while the hidden dimension m denotes the
dimension of the states ct, ht ∈ Rm and the dimension of the input to all further
LSTM layers.

h
(l)
t = {h

(l−1)
t if no dropout

δ
(l−1)
t � h

(l−1)
t if dropout applied

(2)

Dropout is a very effective technique to protect neural networks from over-
fitting by randomly dropping out neurons. It has been shown that implementing
dropout has the same effect as “bagging”, a machine learning technique where
multiple versions of a model are trained and the over-all output is computed by
averaging the individual outputs [19]. In Eq. (2), δ

(l−1)
t , as a dropout coefficient,

is a vector of random variables generated by following the Bernoulli distribution.
It should be noted that dropout is only applied in the feed-forward direction and
not the recurrent direction. Furthermore, dropout is only used during training.
For evaluation, the dropout layers are disabled and the preceding weight matri-
ces are scaled up (as the number of active neurons on average has increased).
This process can be handled automatically by Pytorch after assigning a proper
dropout rate [19].

3.2 LSTM Model Setup

In principle, the developed LSTM model represents a recursive function which
calculates the model’s output corresponding to the physical meaning of the
water-level at station ST. 32.21 or/and station ST. 32.20, using all relevant
inputs including the controllable inputs (i.e., the FBV gate opening percent-
ages) and uncontrollable inputs (i.e., the correlated up-stream and downstream
measurements), and sometimes also possibly some previous output(s), depending
on the dedicated model structure.

Without losing of generality, we denote yt the water-level at station ST. 32.21,
ut/dt all controllable/uncontrollable input/measurement, and ht the LSTM hid-
den state at the tth instant. Three types of LSTM models are concerned in the
following:

ŷt+1, ht+1, ct+1 = fvir(dt, ut, ht, ct). (3)

ŷt+1, ht+1, ct+1 = fobs(yt, dt, ut, ht, ct). (4)

where ŷt+1, ht+1, ct+1 represents the model’s predicted output, hidden state
and cell state(s) at t+1th instant respectively. We name model (3) as a Virtual-
sensor type of LSTM (Vir-LSTM) which does not explicitly depend on any
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previous output yt for predicting the next output ŷt+1. The time-dependency is
inherently embedded in the RNN principle. While the second model (4) named
as Observer type of LSTM (Obs-LSTM), which explicitly request the previous
output measurement as part of the model’s input besides the RNN feature. This
kind of model acts like a observer or Kalman filter used in modern control theory
[21]. A third model, we name it as Auto-Regression model (AR-LSTM), can be
adapted from the Obs-LSTM as:

ŷt+1, ht+1, ct+1 = far(ŷt, dt, ut, ht, ct). (5)

The only difference between Obs-LSTM and AR-LSTM lies in whether the mea-
surement yt or predicted ŷt is required for iterative computation. It should be
noticed that, during the training and validation phase, the output prediction
ŷt+1 can be computed by the LSTM as a function of the actual output yt due to
the fact that these data are already available. However, when this model (4) is
used for application purpose, e.g., to make multi-step prediction or closed-loop
simulation, the predicted output from previous iteration may be needed for mak-
ing next step’s prediction like (5), e.g., use of ŷt+1 in Eq. (4) instead of yt+1 to
generate prediction of ŷt+2 and so on, as a kind of non-Teacher Forcing training
[20]. Otherwise, the Obs-LSTM (4) needs to run parallel with the actual mea-
surement to be able to recursively compute the next instant’s prediction, similar
like the Teacher Forcing training [20]. In the following, the Vir-LSTM model is
adopted and illustrated. We refer to one of our recent study [23] about other
LSTM model applications.

Different data sets and hyper-parameters listed in Table 2 and Table 3 are
investigated to obtain different Vir-LSTM models. The field Trajectory Min.
Value specifies the smallest measurement value of the normalised data which will
be collected for training with respect to the concern that we are more interested
in peak flow scenarios than low flow scenarios.

Table 2. Data and hyper-parameters for Set-One

Inputs (water-level & control gate measurements) SLUSE FOER
ST.32.22
FBV1
FBV2
FBV3

Output (water-level) ST.32.21

model Architecture LSTM Layer (5 to 20)
Dropout (p = 0.5)
Linear Layer (20 to 1)

data duration 6 h

Trajectory Min. Value 0.5
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Table 3. Data and hyper-parameters for Set-Two

Inputs (water-level & control gate measurements) ST.32.22
SLUSE FOER
ST.32.23
FBV1
FBV2
FBV3

Outputs (water-level) ST.32.21
ST.32.20

model Architecture LSTM Layer (6 to 20)
Dropout (p = 0.5)
Linear Layer (20 to 1)

data duration 12 h

Trajectory Min. Value 0.5 (ST.32.21)
0.5 (ST.32.20)

3.3 Data Preparation

All water-level measurements are normalised with respect to ground and bank
levels, and all actuators measurements are normalised with respect to the actua-
tor limits (0–100%). The measurements from 2017-03-29 10:40:00 to 2021-10-11
15:35:00 are considered in this study. The sampling time is 1 min, and this counts
to 2,386,376 data of each measurement.

3.4 LSTM Training and Validation

The training procedure is committed using Pytorch. The class LSTM Predictor
is used to construct the LSTM model subject to given structure and hyper-
parameters. One hidden LSTM layer with both cell and hidden state dimension
of 20 are developed, and a linear (output) layer is added to reduce the state
dimension from 20 to the dimension of the output. The mean square error (MSE)
by comparing the output tensor to the target tensor is used to evaluate the
learning performance, and the optimiser Adam is employed for optimization.
The dropout layer with dropout probability of 50% has been used to prevent
possible over-fitting.

3.5 Prediction Capability

Figure 4 shows a comparison of the prediction of an obtained Vir-LSTM with
validation data. The prediction performance is fairly accurate for peak-flow sit-
uations but it overestimates tidal behaviour for the low flow situations. This is
not regarded as a problem, as the model is only intended to precisely model
the peak-flow behaviour due to the flooding concern. The mean absolute error
(MAE) over the whole month is given as 0.0215 and the mean square error
(MSE) is given as 0.0007.
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Fig. 4. Comparison of model prediction and historic data for January 2021

4 Flow Control

Because the concerned river network has a controllable distribution-gate sys-
tem (FBV), which apparently is manually controlled remotely from the central
station. Some automatic control solutions are designed and tested using conven-
tional and advanced feedback control theories [21,22]. In order to do so, some
proper control-oriented model need to be further obtained from the developed
LSTM model.

4.1 Transfer Function Model

A transfer function model is derived from the obtained LSTM model through
an experimental approach. Firstly, the extraction of an interesting equilibrium
point from a Vir-LSTM is committed by fixing the disturbance dt and control
input ut to the LSTM model as some constants, then observe the final settle
down performance of the model. Afterwards, a process model denoted as a first-
order Transfer Function (TF-model) is estimated based on a unit-step response
of LSTM model around the found equilibrium as:

Pu(s) =
Ku

τus + 1
, Pd(s) =

Kd

τds + 1
, (6)

where Pu(s) and Pd(s) represents the TF-model from the control and disturbance
input ut, dt to the system output yt respectively. One set of the TF-model
parameters are obtained as Ku = 0.49, Kd = 1.48, τu ≈ τd ≈ 600 (Fig. 5).

The loop-shaping method [21] is picked up to design the cascaded controller
C(s), as a type of simple robust PI controller, for a given closed-loop’s bandwidth
ωc and expected phase margin φm.
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Fig. 5. TF-model based Feedback control

Subject to a predefined PI control structure, the Sensitivity Function S(iω),
and the Complementary Sensitivity Function T (iω),

are obtained as:

S(s) = τus2+s
τus2+(1+Kukp)s+ki

, T (s) = Kukps+ki

τus2+(1+Kukp)s+ki
(7)

Assign both functions at ωc have the expected property: |S(iωc)| = |T (iωc)| =
1/2, Then the PI control parameters can be calculated as

kp = 1
Ku

√
1+τ2

uω2
c

1+tan2(φm+arctan(τuωc))
, ki = ωc

Ku

√
1+τ2

uω2
c tan(φm+arctan(τuωc))√

1+τ2(φm+arctan(τuωc)
. (8)

.

4.2 Adaptive PI&FF Control

An adaptive control solution is further developed to handle potential large uncer-
tainties, modelling errors and diverse operating conditions, using the Model-
Reference Adaptive Control (MRAC) method [22] together with feed-forward
structure [21], as shown in Fig. 6.

Assume the reference model is described as a state space formulation (9),
where xm/ym is the reference model state/output:

ẋm = amxm + bumu, ym = xm. (9)

An adaptive combined feedback (PI) and feed-forward (FF) control is designed
as:

u = θ1(r − y) + θ2x2 + θ3d
ẋ2 = r − y
ε1 = ym − y

θ̇1 = −γbumε1y

θ̇2 = γbumε1x2

θ̇3 = −γbumε1d

(10)

where γ is the adaption size which needs to be properly tuned. θi, i = 1, 2, 3 are
adaption coefficients for the P-, I- and feed-forward parts. The stability of this
adaptive control solution is guaranteed by the Lyapunov stability analysis.
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Fig. 6. Diagram of the Adaptive PI&FF controller with switch on/off mechanism

4.3 LSTM-Based Simulation

Figure 7 illustrates the LSTM-based control simulation diagram. The LSTM can
be a Vir-LSTM (3) or an AR-LSTM model (5) and the controller is a digitized
controller corresponding to either (8) or (10).

Fig. 7. LSTM-based feedback control diagram

4.4 Control Performance

For a given ωc = 0.01 rad/s and phase margin φm = 60◦, a designed PI control
solution according to (8) for a specific historic period is illustrated in Fig. 8. It
can be noticed that the automatic control solution leads to a higher water-level
without tricking the bank alarm, while the historic data (manual controlled by
operator) shows a too conservative performance - far below the bank alarm level,
if the third objective w.r.t. salmon prawn needs to be concerned as well.
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Fig. 8. Performance Comparison of automatic control vs. manual control (historic
data)

Figure 9 shows a performance comparison of the reference model, PI con-
trolled system and API controlled system, subject to some varying disturbance.
It can be noticed that API control solution leads to a less oscillating performance
than the PI control solution did, due to its adaptive flexibility.

Fig. 9. Performance Comparison of different control solutions

4.5 Flood Mitigation

The designed model and control solutions are tested for four historic
flooding/near-flooding events at Abelones Plads (ST. 32.20) as listed in Table 4.
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Table 4. Selected Flooding and Near-Flooding Events

Event no. Starting Time Status & location

1 2019-10-11 20:00 Flood at Abelones Plads (ST. 32.20)

2 2020-02-16 21:00 Flood at Abelones Plads (ST. 32.20)

3 2020-02-22 12:00 Near Flood at Abelones Plads (ST. 32.20)

4 2019-02-09 04:00 Near Flood at Abelones Plads (ST. 32.20)

The comparisons of water-levels at ST.32.20 for event-1 and event-2 are illus-
trated in Fig. 10 and Fig. 11, respectively. The historic data taken from Vejle
Spildevand A/S is presented by the blue line. The LSTM’s prediction (with-
out control loop) using historic FBV’s opening percentages and relevant historic
upstream and downstream water-level measurements is illustrated by the dashed
blue line. The discrepancy between the solid and dashed blue lines indicates how
accurate the LSTM model’s prediction from the actual measurement. The green
line denotes the simulated performance of the closed-loop controlled LSTM sys-
tem (as shown in Fig. 7) subject to the designed PI control solution 8, while
the dashed red line represents the bank level. The water-levels are normalised
with respect to ground and bank levels. Thereby a normalized water-level “0”
means that there is no flow-stream, and a normalized water-level “1” indicates
the situation that the water-level has reached the bank level - a near-flooding
situation. When the normalized water-level excesses “1”, this clearly indicates a
flooding situation. All simulations are carried out for 10 h durations.

Fig. 10. Historic and controlled behaviours of water-levels for Event-1.

It is very obvious, according to Fig. 10, that the flooding event-1 at Abelones
Plads (ST.32.20) could have been avoided completely by splitting more flow-
stream into the Omløbs̊aen river via the automatic control of the FBV system.
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Fig. 11. Historic and controlled behaviours of water-levels for Event-2.

Fig. 12. Historic and controlled behaviours of the water-levels at ST.32.21 for Event-2.

As another flooding event shown in Fig. 11, the LSTM model’s prediction
(without control loop) and the simulated controlled system exhibited quite simi-
lar behaviors, i.e., both water-levels are kept around the bank level (indicated by
the red dashed line). This means that this flooding event-2 can not be completely
avoided even with the feedback control in action. If we look at the water-level
at Aagade area (ST.32.21) as shown in Fig. 12 during this period, which mea-
surement is used as feedback signal for the developed control system, it can
be observed that the controlled water-level at ST.32.21 is already around it’s
set-point r = 0.95 denoted by the solid red line. This means that the upstream
flow-stream under event-2 already made both rivers reach their saturation levels.
Under this lind of circumstance, the automatic control could still mitigate the
flooding impacts by better balancing the flow-stream split into both rivers.
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Fig. 13. Historic and controlled behaviours of water-levels at Abelones Plads for
Event-3.

Fig. 14. Historic and controlled behaviours of water-levels at Abelones Plads for
Event-4.

Both Events-3 and Event-4 indicated that the historic water-levels at Abe-
lones Plads came close to it’s bank level, as shown in Fig. 13 and Fig. 14, respec-
tively. The simulations of the controlled system showed better performances in
terms of pushing down the water-level further. It can be observed that when
the controller was into action, the water-level of the controlled system drops
significantly since the beginning. The reason behind this situation is that the
controlled distribution system FBV divided more stream-flow into Omløbs̊aen
river. For both Event-3 and Event-4 scenarios, the historic data showed that the
upstream stream-flow was not sufficient yet to drive the water-level at Omløbs̊aen
(ST.32.21) to reach it’s reference water-level of 0.95. The designed control sys-
tem needs to dispatch more stream-flow into Omløbs̊aen river, thereby the risk
of near-flooding at Abelones Plads (ST.32.20) can be completely avoided.
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5 Discussion and Conclusion

The LSTM model is developed and trained to predict the dynamic behaviours of
water-levels at some critical areas of urban rivers in Vejle city. Different LSTM
models are investigated using some water-level measurements at the up- and
downstream stations, as well as the measurement from a stream-flow distribu-
tion system (FBV). The Vir-LSTM model, which only uses the input measure-
ment (without requiring previous output measurement or prediction), is applied
in this study. BY choosing data from 2021 year as a validation set for the devel-
oped model, the overall MAE of the LSTM prediction is 2.51 cm. Considering
the situation that the physical distance between ground and bank at Aagade
area is 112 cm, this MAE is equivalent to only 2.24% prediction error. From this
perspective, the obtained LSTM model is super accurate compared with some
previous work. Furthermore, compared with the commercial simulation model
the utility is currently using, the proposed LSTM model is much more compu-
tationally efficient and also presents the opportunity for real-time monitoring.

It is clearly demonstrated that the flood prevention at both Aagade
(ST.32.21) and Abelones Plads (ST. 32.20), with the third objective to keep
maximal opening of FBV system, can be reliably and efficiently balanced by
applying an automatic control to the FBV system in a dynamical manner. The
varying behaviors can also be automatically mitigated via this real-time control,
thereby significantly reducing the flooding potentials inside the city area. One of
our future work is to investigate how to coordinate the rain gauge measurement
into this LSTM-based framework.
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Abstract. Based on the statistical indicators of 14 counties in the agricultural
area of eastern Qinghai, the evaluation of exposure, sensitivity and adaptabil-
ity were studied by using principal component analysis and weighted synthesis
method. Then, the vulnerability of the risk-bearing body was analyzed by using
GIS The barrier degree model was established to analyze the barrier degree of
each indicator. The spatial distribution map of drought vulnerability in the eastern
part of Qinghai and the barrier index of each indicator were obtained. The results
show a trend of increasing from the central part to the north and south; drought
vulnerability in the agricultural production environment shows the highest in the
Naoshan area, followed by the Qianshan area, and the lowest in the Chuanshui
area. According to the barrier degree index, precipitation, per capita net income
of farmers and gross regional product are derived as the main causes of disaster
management.

Keywords: Agricultural Zone in Eastern Qinghai Province · Agricultural
Drought Vulnerability · Barrier Degree · GIS · Principal Component Analysis

1 Introduction

1.1 Research Background

Droughts are spatially widespread and long-lasting, posing a great threat to people’s
normal life. Droughts are caused by the interaction of external droughts faced by a
region with its own internal factors [1].

Qinghai Province is located in the northeastern part of the Qinghai-Tibet Plateau and
has a plateau continental climate. The eastern agricultural region of Qinghai province
is the breadbasket of Qinghai [2]. In most places of the eastern agricultural region, it is
spring and autumnwith one harvest a year. In this region, the average annual temperature
and precipitation is low, and summer is predominant. October to April is the season for
farm harvesting, but with only 15% of the annual rainfall, drought is the main factor
limiting spring wheat production [3–5].
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1.2 Review of Chinese and International Research

The concept of vulnerability was first introduced by Burton [6] in 1960 and has played
a large role in disaster research. Burton considers vulnerability as an exposure risk [6].
Cutter et al. [7] emphasize vulnerability as a social problem. Liverman [8] shows how
vulnerability to natural hazards can be measured and analyzed and how drought vulner-
ability is linked to new agricultural technologies and land tenure in Mexico Liverman
shows how vulnerability to natural hazards can be measured and analyzed and how
drought vulnerability is linked to new agricultural technologies and land tenure in Mex-
ico. And he argues that the impact of drought on agricultural systems depends on both
the technological, economic, and political characteristics of a region and the severity
of meteorological events [8]. Some scholars argue that vulnerability can be measured
in both temporal and spatial dimensions [9], and SÖNMEZ investigated the spatial and
temporal dimensions of meteorological drought in Turkey from the concept of vulnera-
bility [10]. Sahana et al. consider drought hazards in a multivariate framework and use
reliable drought vulnerability indicators that consider exposure, sensitivity and adaptive
capacity for a comprehensive, fine-grained, nationwide drought risk assessment, a three-
level evaluation system widely used in drought vulnerability studies [11]. Vulnerability
has been studied in a variety of ways, and in recent years there has beenmore research on
vulnerability in conjunction with GIS. Aksoy et al. proposed a method using a standard-
ised precipitation index to obtain empirical relationships between intensity and return
periods using site-specific IDF curves [12]. Z Taheri uses percent normal precipitation
index and GIS for hazard assessment of drought in Iran [13].

Domestic research on vulnerability started relatively late, but there are still many
scholars who apply vulnerability to their research fields. Yanrui Shang conducted a
statistical analysis of the effects of different factors on vulnerability based on rural survey
subhousehold statistics separately [14]. Zhongyuan Li et al. analyzed the vulnerability
of agricultural drought in Henan Province based on statistical and meteorological data
of the province using several indicators and applying gray correlation analysis [15]. Yali
Ma et al. conducted a vulnerability study by combining comprehensive weighting with
GIS [16]. Yongqiang Dai et al. used the projection tracing model indicators to influence
the weight coefficients, objectively reducing the influence of artificial weighting on the
evaluation results, and analyzed and evaluated themain agricultural drought vulnerability
indicators in 14 regions of Province to Gansu verify the feasibility of the method [17].
Jing Cheng et al. used principal component analysis to study the drought risk in the
middle and lower reaches of the Yangtze River, and spatial variation was studied by
using cluster analysis. Disaster vulnerability risk studies have also been explored for
the agricultural areas in eastern Qinghai Province affected by global changes [18]. Liu
Xuan et al. studied the ecological drought vulnerability in northwest China, they found
that the local vulnerability in southern Qinghai was on the rise [19].

In summary, the novelty of this study lies in the following four aspects: (1) Using
multidisciplinary theoretical approaches This study uses multidisciplinary theoretical
approaches such as earth science, disaster science and statistics to study disaster vul-
nerability in the agricultural areas of eastern Qinghai Province through the theoretical
basis of disaster vulnerability. (2) Constructing models and multi-methods Based on the
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standardization of data, evaluation indicators are constructed from three aspects of expo-
sure, sensitivity and adaptive capacity of the disaster-bearing system, and vulnerability
is constructed to unfold the evaluation of agricultural drought vulnerability in the study
area. (3) The study and analysis of spatial and temporal evolution not only assesses the
natural and social vulnerability of the study area, but also further explores the temporal
evolution of disaster vulnerability over the past 20 years and analyzes the spatial variabil-
ity based on the county perspective. (4) The study will contribute to the construction of
Qinghai and provide a practical basis for integrated disaster prevention and mitigation in
the agricultural areas of eastern Qinghai and promote sustainable regional development.

1.3 Research Ideas

As shown in Fig. 1, the research ideas of the spatial differentiation of agricultural
drought vulnerability and regulation measures in the eastern agricultural region of Qing-
hai Province are as follows: firstly, we review the information and read the literature to
understand the concept of vulnerability, the current status of research and the general situ-
ation of the study area, and summarise the research significance of this study, with certain
theoretical support; at the same time, we collect various relevant data and information
through field surveys, internet data search and consultation with relevant departments,
with certain data The study is supported by data. Afterwards, the research indicators
were selected according to the specific conditions of the study area, and the research
model was constructed. The weight of each indicator was determined by the principal
component analysis method, which constituted the vulnerability evaluation system of
the eastern agricultural area of Qinghai Province, and the indicators were divided into

Fig. 1. Technology roadmap.
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three subsystems: exposure, sensitivity and resilience. Finally, the results of vulnerabil-
ity are calculated by standardising and weighting the indicators, summarising the main
influencing factors of vulnerability and finally discussing and analysing the conclusions
to achieve the aim of this study.

Fig. 2. Overview map of the study area.

2 Overview of the Study Area

As shown in Fig. 2, the eastern agricultural region of Qinghai Province is located south of
Daban Mountain, a branch of Qilian Mountain, north of Longyang Gorge, east of Riyue
Mountain and west of Sigou Gorge [24], at latitude and longitude 98°54′~103°04′E,
34°48′~38°20′N. The eastern agricultural region includes 14 counties, while the arable
land area occupies 70% of the province, which is a region with a higher percentage of
grain production and rapid development of agriculture in Qinghai Province compared
with other regions.

The eastern agricultural region is relatively undulating, with the Yellow River and its
tributariesHuangshui andDatongRiver running through it. Precipitation and temperature
varymarkedlywith the altitude and topographyof the region, thus creating different types
of agricultural production environments. The first type is the Chuanshui area, this type
of arable land is mainly located in the river valley terraces and alluvial fans, the soil layer
is relatively thick, the soil type is mainly through the irrigation of the chestnut calcium
soil. The second type is shallow Qianshan area, mainly located in areas with heights
between 2000 and 2600 m, with loose soil texture and very serious soil erosion due to
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the influence of the topographic slope. The third type is Naoshan area, located in areas
with altitudes of 2600 to 3400 m, with high soil fertility but poor thermal conditions, so
that mainly cold-tolerant crops are grown.

3 Research Methodology and Data Sources

3.1 Evaluation Indicator System Construction

Taking the drought vulnerability of the eastern agricultural region of Qinghai Province
as the research background, the index system is constructed in three aspects: exposure,
sensitivity and recovery ability based on previous researches [14, 15, 17, 19–25]. Expo-
sure refers to the situation of people, livelihoods, environmental services and resources,
infrastructure, and economic, social or cultural assets. Vulnerability is the tendency or
propensity to be adversely affected. Resilience is the ability of a system and its compo-
nents to quickly anticipate, withstand, adapt or recover from the impact of a potentially
hazardous event. The indicators of the exposure subsystem include three kinds of grain
production, crop sown area and total agricultural output value; the indicators of the sensi-
tivity subsystem include precipitation, agricultural production environment (Chuanshui
area, Qianshan area andNaoshan area), TVDI and effective irrigation area; the indicators
of the adaptability subsystem are more numerous, including per capita net income of
farmers, number of village committees, gross local product, total agricultural machinery
power, population density and annual fertilizer application, as shown in Table 1 below:

Table 1. Drought vulnerability indicators and weights.

System layer Indicator layer Weighting index

Exposure (0.198) Grain production 0.06

Crop sown area 0.06

Total agricultural output 0.078

Sensitivity (0.323) Precipitation 0.078

Agricultural production environment 0.081

TVDI 0.082

Effective irrigated area 0.082

Adaptability (0.479) Per capita net income of farmers 0.081

Number of village committees 0.081

Gross Local Product 0.075

Total power of agricultural machinery 0.077

Population density 0.08

Annual fertilizer application 0.085
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3.2 Data Sources and Processing

Grain production, average land water resources, arable land area, population, agricul-
tural GDP, per capita net income of farmers, agricultural population, total output value
of primary industry, etc. are fromQinghai Yearbook,Haidong Regional Statistical Year-
book, Xining Statistical Yearbook,Menyuan Statistical Yearbook, Huangnan Statistical
Yearbook, and related data public. Spatial data on agricultural areas in eastern Qing-
hai Province, TVDI, population density, etc. are from, and soil moisture is from China
Meteorological Data Network, National Earth System Science Data Centre and National
Qinghai-Tibet Plateau Science Data Centre.

Product Data Processing. TVDI, population density, DEM elevation data and land use
data used in this paper are all existing data products that require a range of processing
using the Arcgis.

The TVDI was applied to the global 1 km resolution TVDI dataset, and as this paper
is based on a study of agricultural drought vulnerability, TVDI data was downloaded
for June, July and August of the growing season. The data for the study area were first
extracted by mask, then resampled to obtain 300 m precision TVDI data, and finally the
average TVDI for June, July and August was calculated using raster operations.

The population density data was adopted from China, and the data needed to go
through a series of processing after downloading. The population density data for the
study area was first extracted from the national data and then resampled to obtain the
population density data at 300 m precision.

The extraction of agricultural production environment data required the use of DEM
elevation data and land use data from Qinghai Province. The agricultural production
environment in the eastern part of Qinghai is divided into Naoshan area, Qianshan area
and Chuanshui area according to the altitude. The DEM elevation map was reclassified
according to the altitude range of the different arable land types, assigning a value of
1 to those between 2800 and 3200 m, 2 to those between 2200 and 2800 m, 3 to those
between 1565 and 2200 m, and NoData to the rest. The raster data was then extracted
by mask and the reclassified cropland layer was used to extract the processed DEM
elevation map to obtain the raster data by cropland type.

Statistical Data Processing. The data in this paper all need to be converted into raster
data for the study, so the county statistics were integrated into an Excel sheet and the
statistics were converted into raster data after the statistics were completed, the steps
are as follows: (1) Download the Chinese county vector dataset, import the downloaded
data into Arcgis, select the study area required to extract the 14 counties contained in
the study area. (2) Rasterise the vector data. The connected map is still a vector map
of each indicator, so the vector map should be rasterised, and the accuracy is also set
to 500 m. (3) Calculate the density of each raster. There are many ways to classify
the density, but in this paper, we use population density to classify the density of each
indicator, which is considered to be dense where there are many people and vice versa.
Using the raster calculator, the density is obtained by dividing the product data of the
population distribution by the data rasterised by county in step three. (4) The data for
each indicator distributed by population density is obtained. The rasterised data for each
indicator is multiplied by the area calculated in step three to obtain the raster distribution
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results for each indicator. (5) The data are normalized, which means that the required
data are processed and their range of values are restricted to a uniform range. The raster
calculator’s formulae are used to normalize each indicator to a range between 0 and 1.

3.3 Agricultural Drought Vulnerability Evaluation Methods

Standardization of Evaluation Indexes. The agricultural drought vulnerability eval-
uation factors were standardized and the required data were calculated by substituting
the formula:

Xi
′ = (Xi − Xi min)(Xi max − Xi min) (1)

where X denotes the standardized data of the i-th indicator; X denotes the original value
of the i-th indicator; Ximax,Ximin denote the maximum and minimum values of the i-th
index in the data, respectively.

In this paper, both textual data and spatial data are standardized. For the textual data,
the data is substituted into SPSS software for processing; the spatial data is calculated
by using a raster calculator with the formula.

Determination of Evaluation Index Weights. Since the evaluation of agricultural
drought vulnerability is based on the comprehensive evaluation of multiple indica-
tors, there are obvious differences in strengths and weaknesses between each evaluation
indicator and drought vulnerability.

In this paper, principal component analysis is applied to calculate the weights of each
agricultural drought vulnerability evaluation index in the eastern agricultural region
of Qinghai. The principal component analysis method derives the main influencing
components in the space of characteristics and can use mathematical methods to reveal
the correlations among the evaluation indicators in order not to bias the results in favor
of a certain indicator factor. For this reason, this paper uses principal component analysis
to determine the weights of each evaluation index.

The following equation was used to calculate the common factor variance H for each
drought evaluation index.

Hj =
∑m

k−1
λ2jk (2)

where Hj is the common factor variance; m is the number of principal components,
taking m = 3; j is the original total number of indicators, and j = λ is the eigenvalue of
the indicators on the principal components. After processing the common factor variance
H of each evaluation index, the weights of each index are obtained [25]:

Wj = Hj/
∑11

j=1
Hj (3)

where Wj is the weight, and each evaluation index and weight coefficient are shown in
Table 1 in 3.1.
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Agricultural Drought Vulnerability Evaluation Model Calculation. The vulnera-
bility index was calculated using the weighted composite method with the following
formula:

Vi =
∑m

j=1
Wj × Sij (4)

where V denotes the drought vulnerability index,Wj is the weight corresponding to the
j-th indicator, and Sij is the standardized value of the j-th indicator in the i-th area. The
corresponding ones are calculated based on the above equations for further analysis of
drought vulnerability in the study area [26].

A weighted composite score was developed for the three dimensions of exposure,
sensitivity and resilience, named exposure index (E), sensitivity index (I) and resilience
index (A), respectively, and the vulnerability of the study area was calculated with the
following equation:

V = E × I ÷ A (5)

Agricultural Drought Vulnerability Barrier Degree EvaluationModel. Analysis of
the barriers to agricultural development in the eastern agricultural region of Qinghai
Province using a barrier degree model and specific values values.

dij = 1 − yij Aij = Wij ·dij∑n
i=1 Wij·dij × 100% ,

U = ∑n
i=1 Aij

(6)

where Aij denotes the barrier degree of single indicator in the indicator layer, and is the
degree of influence of the i-th indicator on early disaster vulnerability in agriculture;W
denotes the contribution of the indicator to the overall target, and is the weight value
of the i-th indicator. dij is the deviation degree of the indicator, which indicates the
gap between the single indicator and the maximum target, set as the gap between the
standardized value of the indicator and 1; yij is the standard value of the i-th indicator;
U denotes the guideline level indicator barrier degree, which is the degree of influence
of the guideline level indicator on agricultural drought vulnerability [27].

4 Results and Analysis

The three sub-modules of exposure, sensitivity and adaptability were evaluated first, and
then the three were combined to obtain the evaluation results of the fragility within the
insured body.

4.1 Spatial Variation in Agricultural Drought Vulnerability

The distribution of agricultural drought vulnerability index in the eastern agricultural
area ofQinghai provincewas obtained by substituting the vulnerability formula as shown
in the Fig. 3. The range of the index is between 0.003 and 0.47. From the regional dis-
tribution, each county in the study area has areas with high vulnerability, and the central
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areas of Datong County, Huanzhong County and Huzhu County with high vulnerabil-
ity are larger, and the vulnerability index near Huangshui River Valley is higher; the
vulnerability index of Tongren County increased in 2004 and 2007.

Thevulnerability distribution is gradually increasing inHuzhu andMenyuan counties
and decreasing in Huanzhong district between 2009 and 2019.

To analyze the spatial variation of agricultural drought vulnerability, the spatial
distribution of vulnerability strengths and weaknesses could not be obtained intuitively
through the vulnerability result map. Therefore, the spatial distribution of vulnerability
for each yearwas obtained by systematically classifying the average vulnerability of each
county into five levels: the lowest vulnerability, Medium low vulnerability, moderate
vulnerability, high vulnerability and the highest vulnerability.

As shown in Fig. 4, through the spatial distribution diagram of vulnerability in each
year, it is obvious that between 2000 and 2007, the vulnerability of Menyuan County,
TongrenCounty andGuideCounty is the highest, and the vulnerability ofDatongCounty,
Huzhu County and Jianzha County is high, while the vulnerability of Xining City is the
lowest. From 2011 to 2019, the spatial distribution of vulnerability strength and weak-
nesses has changed significantly, with the vulnerability of Menyuan County, Tongren
County, Guide County and Datong County weakening, but the vulnerability of Huzhu
County, Pingan County, Huanzhong County and Ledu County gradually increasing. In
conclusion, the spatial distribution pattern of vulnerability has changed significantly
between 2000 and 2019, from low vulnerability in the central part and high vulnerability
in the north and south to high vulnerability in the north and low vulnerability in the
south.

The main reason for this development of vulnerability may be that the main impact
on agriculture in the early years was water resources, the central part of the agricultural
region of eastern Qinghai Province is crossed by the Huangshui River, whose banks
are rich in water resources while water resources are scarce at the farther ends of the
basin, resulting in a deterrent to agricultural development; in recent years the main
factors affecting agricultural development have been excessive economic development,
insufficient market supply and demand, and increased vulnerability due to excessive
pressure on land.

4.2 Temporal Variation in Agricultural Drought Vulnerability

The temporal variation of agricultural drought vulnerability in the eastern agricultural
region of Qinghai Province, after averaging the vulnerability raster sub-counties, shows
that the vulnerability level mainly ranges from 0 to 0.4, with most counties showing
a decreasing trend over time, with some counties gradually increasing in vulnerability
after falling to a low point in 2011. The highest level of vulnerability is currently in
Xunhua County, while the lowest level of vulnerability has been maintained in Jianzha
County.

4.3 Analysis of Factors Influencing Vulnerability to Agricultural

Analysis of Meteorological Drought Factors in Agricultural Areas. The analysis
was carried out from the TVDI. Due to the special local climatic conditions in Qinghai
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Fig. 3. Spatial distribution of drought vulnerability.

Fig. 4. County distribution of drought vulnerability.
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Province, the growing season of crops in the eastern agricultural zone is from June to
August, and the average TVDI data for crops from June to August for each county in
the eastern agricultural zone of Qinghai Province from 2000 to 2019 were derived as
shown in Table 2 below:

Table 2. TVDI for each county in the study area.

County Name 2000 2004 2007 2011 2014 2019

Xining 0.6654 0.6474 0.6328 0.6617 0.6273 0.6172

Datong 0.5402 0.5471 0.5323 0.5487 0.5101 0.5108

Huangzhong 0.5914 0.5683 0.5532 0.5813 0.5484 0.5397

Huangyuan 0.5892 0.5584 0.5373 0.5599 0.5367 0.5153

Ledu 0.6305 0.6238 0.6145 0.6445 0.5896 0.5695

Pingan 0.6407 0.6291 0.6047 0.6452 0.5938 0.5741

Minhe 0.6524 0.6458 0.6359 0.6734 0.6076 0.5772

Huzhu 0.5761 0.5672 0.5559 0.5832 0.5375 0.5273

Hualong 0.6587 0.6138 0.5885 0.6444 0.5934 0.5706

Xunhua 0.6303 0.5981 0.586 0.6253 0.5871 0.5619

Menyuan 0.5406 0.5422 0.5207 0.54 0.5093 0.4906

Tongren 0.6223 0.5792 0.5638 0.5838 0.5674 0.5598

Jianzha 0.6488 0.6022 0.5736 0.6099 0.5848 0.562

Guide 0.6566 0.6085 0.5769 0.6257 0.6056 0.5601

Table 3. Drought vulnerability data for the Kawarau, Shallow and Cerebral Mountains.

Year Chuanshui area Qianshan area Naoshan area

2000 0.1359 0.1841 0.2255

2004 0.1163 0.1501 0.2089

2007 0.1036 0.1327 0.1772

2011 0.1243 0.0943 0.0789

2014 0.1217 0.1389 0.1544

2019 0.0941 0.1265 0.1292

It can be seen that the TVDI mostly lies between 0.5 and 0.7, and this data is in the
range of 0 to 1.1 for the total TVDI taken globally, so it can be seen that themeteorological
environment in the eastern agricultural zone is in a relatively dry state. The overall TVDI
in the eastern agricultural zone shows a decreasing trend, but in the middle years there
is a phenomenon of first decreasing and then increasing. by the nature of the TVDI, the
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larger the TVDI, the lower the soil moisture, and the smaller the TVDI, the higher the
soil moisture. From 2004 to 2007 the TVDI first decreases, the soil moisture increases,
and from 2007 to 2011 it increases again, the soil moisture decreases, the precipitation,
the changes in precipitation, grain production and total agricultural output also produced
opposite fluctuations from2004 to 2011. Thus, a decrease in the TVDI leads to a decrease
in drought and a gradual weakening of the meteorological causes of drought (Table 3).

Analysis from the agricultural production environment. The agricultural production
environment in Qinghai Province is divided into three types of agricultural production
environment according to the special climatic environment and topography of Qinghai
Province is Naoshan area, Qianshan area andChuanshui area. The resulting vulnerability
distribution data were extracted according to the three types of production environments
to derive their respective vulnerability indices:

It can be seen that the vulnerability index is the lowest in the Chuanshui area, Qian-
shan area in the middle and Naoshan area is the highest vulnerable, with a general trend
of weakening vulnerability between 2000 and 2019, with a sudden rise in 2014, but then
a decline.

Analysis of Factors Influencing Drought Vulnerability. Reducing agricultural
drought vulnerability in the eastern agricultural region is an important prerequisite for
promoting agricultural development in the region. In order to further explore the main
factors affecting agricultural development in the eastern agricultural region of Qinghai
Province, the results of the barrier index calculation for each indicator are shown in
Table 4 below:

Table 4. Barrier degree values f or each indicator.

Indicators Barrier degree index Indicators Barrier degree index

TVDI 5.671 Total power of
agricultural machinery

–2.825

Precipitation 4.191 Gross Agricultural
Product

0.447

Village Council Number –0.445 Annual fertilizer
application

1.353

Grain production –1.093 Agricultural
production
environment

–0.667

Crop sown area –0.926 Gross Regional
Product

3.985

Population density 1.039 Effective irrigated area –1.307

Per capita net income of
farmers

4.578
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From the Table 4, it can be concluded that the variation of the barrier degree of each
indicator on the vulnerability to drought in the eastern counties of Qinghai Province
varies. The top four indicators in the barrier degree in the indicator layer are the TVDI,
precipitation, net per capita income of farmers and gross regional product, which belong
to the sensitivity and adaptive capacity subsystems respectively, indicating that these
indicators have a greater impact on vulnerability and are the main influencing factors of
agricultural drought in the region.

5 Discussion and Conclusion

This paper constructs an indicator system for drought risk analysis in the eastern agri-
cultural region of Qinghai Province from the perspectives of geographical location and
geomorphology, climatic conditions andwater resources, geographical characteristics of
agriculture, governmentmanagement capacity and forecasting andmitigation capacity of
disasters occurring in the eastern agricultural region of Qinghai Province. It is suggested
that this index system is suitable for regional scales such as the eastern agricultural region
of Qinghai Province. The system was established by applying standardization methods
to normalize the relevant indicators and applying principal component analysis to deter-
mine the weights of each factor and indicator. In addition, the indicators were divided
into three subsystems: exposure, sensitivity and resilience, according to the geographical
characteristics of agriculture in the study area. Finally, by standardizing and weighting
the indicators, the results of vulnerability were calculated and the key constraints to
agricultural development were identified through a barrier model.

Existing studies on drought in the eastern agricultural region have mostly focused
on natural factors such as meteorology and geography, and most of the measures for
disaster mitigation and prevention are in the area of post-drought recovery. This paper
presents an empirical analysis of drought vulnerability in the eastern agricultural region
of Qinghai Province based on data obtained on the basis of the principles of scientific,
representativeness and accessibility, which has certain feasibility and application value,
but there is some subjectivity in the selection of indicators. Therefore, in order to make
the evaluation results more reasonable and better used by government departments as
reference for disaster prevention and mitigation policies, the indicator system and eval-
uation model of agricultural drought vulnerability in the eastern agricultural region of
Qinghai Province still need continuous improvement. At the same time, a more precise
scale and objective analysis of agricultural drought vulnerability in the eastern agricul-
tural region of Qinghai Province are the directions to be considered in this paper. Based
on the comprehensive study in this paper, the vulnerability of the eastern agricultural
region of Qinghai Province was measured from 2000 to 2019, and the main conclusions
are as follows:

(1) Agricultural drought vulnerability from the spatial distribution layout: from 2011
to 2019, the spatial distribution of vulnerability strengths and weaknesses has changed
significantly. In summary, the spatial distribution pattern of vulnerability has changed
significantly from 2000 to 2019, from low vulnerability in the central part and high in the
north and south to high vulnerability in the north and low vulnerability in the south. (2)
The layout of agricultural drought vulnerability in terms of temporal distribution: most
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counties show a decreasing trend in vulnerability over time, with some counties showing
a gradual increase in vulnerability after falling to the lowest point in 2011. At present,
the highest vulnerability is in Xunhua County, while the vulnerability in Jianzha County
has remained the lowest. (3) Agricultural drought vulnerability from the agricultural
production environment, it can be seen that the vulnerability index is the largest in the
Chuanshui area, with shallow mountainous areas in the middle and brain mountainous
areas being the most vulnerable areas. Between 2000 and 2019, there was a general
trend of weakening vulnerability, with a sudden rise in 2014, but then a decline. (4)
Agricultural drought vulnerability in terms of influencing factors: the top 4 indicators
in the indicator layer in terms of barrier degree are the TVDI, precipitation, net per
capita income of farmers, and gross regional product, which belong to the sensitivity and
adaptive capacity subsystems respectively, indicating that these indicators have a greater
impact on vulnerability and are the main influencing factors of agricultural drought in
the region.
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Abstract. Numerous test results, mathematical relationships, and in-the-moment
analysis and design are all components of geotechnical issues. Additionally, due
to smart infrastructure and materials, the research trend in engineering nowadays
is shifting toward intelligent tools and their ability to tackle engineering prob-
lems. Artificial neural networks (ANN), support vector machines (SVM), genetic
algorithms (GA), and particle swarm optimization algorithms (PSO), among other
soft computing techniques, have made significant progress in recent years in solv-
ing geotechnical issues. Based on a review of more than 800 published research,
this study discusses the applicability of soft computing techniques in the current
environment. Traditional methods, such as regression analysis and trial-and-error
techniques, take time and could bemore effective. Additionally, most geotechnical
designs require considerable experimental data and may require laborious work.
A novel methodology for soft computing approaches has emerged to solve the
problems mentioned above. This paper presents soil problems and geotechnical
challenges while examining recent developments and the potential applications of
soft computing.

Keywords: Artificial Intelligence · Soft Computing · Geotechnical
Engineering ·Modeling

1 Introduction

Due to the complexity of soils and rocks, geotechnical engineering problems have more
significant uncertainty. Geotechnical engineering is also essential for building pavement,
sub-structure foundations, retaining walls, canal lining, earthen dams, mining, landfill
development, and slope stability. Due to a three-phase system, soils display various
characteristics depending on moisture presence. Any project estimating soil strength
and durability involves costly laboratory work. Many parameters, including chemical
composition, particle size, moisture content, soil layer thickness, and allowable pressure,
influence soil strength and durability.
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Many types of soil deposits were available worldwide, but lateritic soils, collapsible
soils, expansive clays, and marine clays were problematic due to their complex charac-
teristics [1]. Expansive clays exhibit significant swell-shrink changes when exposed to
alternate wet and dry seasons. Additionally, according to statistics from the American
Society of Civil Engineers (ASCE), expansive clay settlements cause damage to 25% of
the lightweight dwellings in the United States. Expansive clays cost 2.3 billion dollars
in damages, equal to the total cost of all-natural disasters like earthquakes, floods, and
cyclones [2]. Due to abrupt changes in void ratio after soaking, collapsible soils enable
severe damage to pavements, electricity lines, lightweight buildings, and retaining walls.
There are significant hazards everywhere due to the abrupt shift in soil. Furthermore,
due to the presence of iron oxides, lateral soils have distinct characteristics and are chal-
lenging to categorize. While it is uncommon during field structure, fractured iron oxides
are commonly observed during laboratory testing of laterites. Understanding how soils
behave in this regard depends on the type of project. Additionally, various elements,
including the type of soil, the outcomes of laboratory and field tests, and the experience
of the testing specialist, affect the soil attributes. However, measuring the engineering
qualities of soils takes a lot of time and effort [3].

Regression and classificationmodels based on correlations and relationships between
complex and index variables have been developing since the 1990s to avoid time-
consuming tests and save project expenses. Numerous researchers have contributed to
developing empirical correlations between soil parameters. For example, Cubrinovski
and Ishihara [4] reported an empirical correlation based on the SPT ‘N’ value to deter-
mine the relative density of the in-situ soils. The main conclusions of this work are
well-established. According to Yilmaz [5], there is an empirical correlation between
the clays’ un-drained shear strength and plasticity index to avoid time-consuming shear
tests. Swelling and shrinkage in expansive clays are vital issues, especially in chemically
treated clays; the dosage of chemical additive was selected by swelling behavior. How-
ever, expanding clays primarily rely on chemical constituents and exchangeable ions.
In this regard, Farrar and Coleman demonstrated the relationship between index char-
acteristics and cation exchange capacity [6]. For building structures, the liquefaction of
silty sand soils is a critical hazard. Therefore, several types of research have established
relationships between in-situ penetration values and liquefaction potential.

Geotechnical engineering has seen the emergence of artificial intelligence (AI) and
machine learning (ML) algorithms in recent years, offering hope for many challenging
issues. The major geotechnical issues and adaptability of AI approaches are highlighted
in this research to illustrate the relevance of soft computing techniques in geotechnical
engineering.

2 Soft Computing (SC) Techniques

This section presents brief details of the different successful soft computing approaches
in the geotechnical engineering domain.
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2.1 Artificial Neural Network (ANN)

The most promising and well-known method that uses the neural network principle is
called ANN. The appropriate features of models, including regression, classification,
pattern generation, and clustering, are responsible for the network’s appeal. ANN typ-
ically consists of three parts to analyze and process any model: the input layer, hidden
layer, and output layer. Furthermore, the bias and weight functions determine how accu-
rately the ANN model performs. For example, the linear regression equation in neural
networks is Y=mX+ n, where m and n are the coefficient and slope, respectively. Data
will be learned and trained based on the function to produce appropriate predictions with
the least inaccuracy. For example, the California bearing ratio (CBR) values of pave-
ment subgrades, the unconfined compressive strength (UCS) of the soils, foundation
settlements, liquefaction potential, landslide susceptibility, and unsaturated soils were
all accurately predicted by ANN models [7, 8].

2.2 Convolutional Neural Network (CNN)

CNN is a unique tool used mostly for image processing using pattern recognition.
CNN has shown promising results in numerous medical, environmental, and engineer-
ing domains. The CNN technique was extensively used in geotechnical engineering to
classify soils, identify earthquakes, predict slope failure, strength assessment, and ana-
lyze clay crack patterns. Convolution, polling, flattening, fully linked, and output layers
are all present in CNN. The convolution layer would aid in extracting features from the
input layer and filtering each field in CNNmodels, including features like ANNmodels.
Additionally, network neurons change to recognize and detect the overall answer [7].

2.3 Support Vector Machine (SVM)

SVM is one of the most sophisticated algorithms for making predictions using super-
vised training and pattern recognition. The most excellent technique for classifying and
separating data after obtaining raw data is SVM. LINEAR, SIGMOID, and radial basis
function (RBF) are the most frequently utilized kernel functions in SVM-based classi-
fication. The performance of classification models might be improved by using these
kernel functions to produce non-linear surface separations. SVM successfully resolves
pattern recognition andmatter classification issues in geotechnical engineering. Soil cat-
egorization, landslide susceptibility, liquefaction potential, rock displacement, and soil
deformation are important contributions of the SVM tool. Additionally, the dynamic
behavior of soil-structure interaction is successfully analyzed by SVM. It was discov-
ered that the SVMmodelmight providemore accurate predictions than the finite element
method (FEM) in a shorter amount of time [7, 8].

2.4 Random Forest (RF)

By using decision trees for training, random forests operate on the notion of resampling
the original data. The decision trees are constructed using boosting so that each new
decision tree works to minimize the errors of the prior one. Each decision tree updates
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the residual mistakes based on what it has learned from its past. Consequently, the tree
that develops later will likely gain knowledge from revised regressions. Additionally,
the individual decision split received a random distribution of the RF properties. As
a result, features decreased the correlation between the decision trees. Additionally,
the learning process increases the model’s performance and prediction power. With the
help of additional features, RF can effectively model high-dimensional complex data
that contains missing, category, and binary information. RF has been modified, and
adaptive random forests (ARF) are the most effective classifier for data streams. The
ARF’s dynamic method can help the data as it changes and enables the training of
new trees to provide the best overall answer. In geotechnical engineering, multi-linear
regression predictionmodels have been effectively used to forecast soil water infiltration,
the maximum seismic response of soil-pile interaction, soil salinity, soil erosion, and soil
categorization [7, 8].

2.5 Genetic Algorithm (GA) And Particle Swarm Optimization Algorithm (PSO)

The most effective algorithms in history are genetic algorithms, which are widely used.
In addition, GA is the first population-based algorithm. The GA searches for a global
solution with convergence outcomes based on the genetic selection theory.

Due to the few performance parameters that could be changed, PSO is a successful
algorithm that is inspired by nature in many fields. Similar to the population of random
search, PSO operates on the GA principle. However, PSO searches the issue space
using velocity coefficients that are given to random particles. PSO discovered accurate
predictions in small datasets. Geotechnical engineering has successfully used the PSO to
forecast a variety of geotechnical factors, including soil erosion susceptibility, foundation
settlement, CBR of pavement subgrades, shear strength of soils, shield performance in
tunneling, soil heavymetal content, pull-out behavior of piles, and seismic slope stability
[7, 9, 10].

2.6 Fuzzy Logic (FL)

The four promising elements of fuzzy logic are fuzzification, rule base, inference engine,
and defuzzification. Fuzzy logic is a well-known model. In the FL technique, the input
data was first divided into various datasets (fuzzified), and then relationships between
the input and output variables were developed (rule base). Learning with rule-based
and reducing errors (inference engine) was then performed. Finally, the outputs were
produced from the fuzzy inference (defuzzification). The FL system can approximate
the data with its generalization behavior rather than duplicate the laboratory data. Due
to the robust non-linear simulation performance and the inclusion of fuzzy language
rules, the FL system has recently gained prominence. The geotechnical engineering field
is drawn to these non-linear models. Unsaturated hydraulic conductivity, soil erosion,
boring penetration rate, and slope stability were all correctly predicted by FL using fuzzy
language rules [7, 8, 11].
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3 Application of Soft Computing Techniques in Geotechnical
Engineering

Researchers and professionals in the field of geotechnical engineering have successfully
used soft computing and machine learning methods in recent years. Since soil qualities
are the main consideration in the construction of any structure, geotechnical properties
of soils have been extensively investigated. The use of soft computing techniques to
forecast soil properties is briefly explained in this section.

Figure 1 illustrates the use of soft computing techniques for foundations, slope sta-
bility, liquefaction potential, landslides, and landfills. The literature reviews demonstrate
that soft computing has a significant impact in many geotechnical engineering domains.
In earlier investigations, several SC techniques were used, with a focus on modelling,
simulating, and optimizing geotechnical features and issues [7, 11].

Fig. 1. Application of soft computing techniques in geotechnical engineering domain.

3.1 Soil Stabilization

Researchers’ interest in soil stabilization has grown because of their achievements in
the field. Additionally, there are numerous chemicals and pozzolanic additives in use
today. However, careful additive dosage selection can prevent over- or underestimating
additive dosage and reduce project costs. The swell-shrink behaviour of chemically
altered clays, UCS of the stabilized soils, and the CBR values of the pavement subgrades
are all predicted using various soft computing techniques [7, 9]. Figure 2 illustrates the
use of SC approaches for soil stabilization.
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Fig. 2. Number of published papers with application of SC in soil stabilization.

The settling of foundations, bearing capacity of foundations, axial bearing capacity,
and lateral load capacity of piles were all predicted using SC techniques in the field of
foundations (see Fig. 3). Understanding the behaviour of the piles in pile foundations
is exceedingly difficult and time-consuming. An increased number of tests will also
impact on the project’s final cost. Therefore, using intelligent technologies to forecast
pile response could be useful. The effectiveness of the ANN technique in forecasting
the piles’ bearing capacity was reported by Moayedi and Jahed [12]. The regression
coefficient of determination (R2) value of 0.974 in the prediction results shows that
the ANN model successfully predicted the foundation’s bearing capacity. A PSO-based
model was put up by Ray et al. [13] to forecast the settlement of shallow foundations.
According to the findings of the prediction, the PSO model can estimate foundation
settlement in general.

3.2 Foundations

3.3 Stability of Slopes and Landslides

Maintaining appropriate highways to connect one region to another in the hilly terrains
is a top government priority since stability is a big problem worldwide, particularly
in northern India. In addition, numerous slope collapses have been reported due to
various circumstances, including soil characteristics, slope aspect, slope size, geological
conditions, and rainfall. Therefore, empirical relationships between these variables are
required to estimate the slope condition using user-friendly and powerful tools. On the
other hand, landslides are significant natural disasters in underdeveloped nations, causing
over 17% of all fatalities worldwide [14]. Slope failure and slope stability utilizing ANN
were successfully applied, according to Lin et al. [15] and Gordan et al. [16]. Figure 4
illustrates the use of SC approaches for stability of slopes and landslides.
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Fig. 3. Number of published papers with application of SC in foundations.

Fig. 4. Number of published papers with application of SC in slope stability and landslides.

3.4 Liquefaction

Soft computing has taken on predicting soil’s seismic liquefaction potential as a clas-
sifying challenge [17, 18]. For determining the seismic liquefaction potential of soil,
geotechnical engineers typically employ a variety of in situ techniques, such as the field
standard penetration test and shear wave velocity approach. In addition, soft computing
approaches have been applied to standard penetration N-values, shear wave velocity
findings, stresses, earthquake intensity, and ground acceleration. To predict the seismic
liquefaction potential of soil, various soft computation approaches are applied in Fig. 5.
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Most researchers used ANN to categorize liquefiable and non-liquefiable soil [19].
For the final prediction, ANN uses the entire training dataset. SVM and RF, however,
only use a small percentage of the training dataset for outcome prediction [20]. The
established soft computing approaches provide charts for identifying liquefiable and
non-liquefiable sands. Final predictions are made using kernel functions by SVM and
RF. For output prediction, ANN uses an activation function. GA and PSO can use any
function to determine the output [21–23].

Fig. 5. Number of published papers with application of SC in slope stability and landslides.

Due to their capacity to handle nonlinear and complicated relationships, take large
amounts of data, including incomplete information, learn from data rather than relying
only on prior knowledge, manage multiple outputs, and adapt quickly to new data or
changes, ANNmodels are becomingmore andmore important in geotechnical engineer-
ing. This makes them suitable for actual monitoring and forecasting tasks. As a result,
they have been well-liked for jobs including soil categorization, soil property prediction,
settlement prediction, and slope stability prediction [24–26].

4 Conclusions

The use of soft computing techniques in geotechnical engineering has been suggested
in this study, robust techniques, including ANN, CNN, SVM, RF, GA, PSO, and FL.

According to a peer-review of the literature that has been published, SC techniques
are becoming more promising. They may be able to address geotechnical issues in three
dimensions through modeling, simulation, and optimization. Additionally, the adapt-
ability and viability of these tools decreased time-consuming and labor-intensive tests,
lowered project costs, increased the sustainable use of geomaterials, and produced easy
predictions.
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Additional applications of prediction models created utilizing SC techniques in
geotechnical engineering are conceivable in addition to the main areas emphasized in
the current work. They can make progress regarding the most recent concerns and issues
about environmental and seismic geotechnics.
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Abstract. Chang 6 sandstone reservoir in Huaqing oilfield is a typical tight reser-
voir. The whole reservoir presents the characteristics of obvious non Darcy seep-
age, widespread development of natural fractures, large proportion of low pro-
duction and low efficiency wells, and low production of single wells developed
by conventional vertical wells. Based on the mechanism of highly deviated wells
improving oil production rate, aiming at the problems of low recovery degree
and fracture development induced by water injection during the development of
tight reservoirs, this paper verifies the feasibility and superiority of highly devi-
ated wells in tight reservoirs through indoor numerical simulation and field actual
effect evaluation. The research results indicate that: (1) The highly deviated wells
in the study area adopt advanced fine layeredwater injection developmentmethod,
and the regional formation pressure is maintained at a level of over 120%. By uti-
lizing the role of closed well infiltration and displacement, the seepage range is
increased and the oil recovery rate is significantly improved. (2) Through numer-
ical simulation combined with actual field test results, it has been proven that the
concept of reducing the number of fracturing sections by combining cost control in
highly inclined well areas, and the optimal perforation control degree is achieved
at 10–20 m per well, with a reasonable flow to saturation ratio of less than 1.0,
can maximize the benefits. It is concluded that the development of highly deviated
wells in the L183 area of Huaqing oilfield provides strong support for the opti-
mization design of fracturing parameters of thick reservoirs with tight interlayer,
and provides theoretical guidance and technical support for their field application.

Keywords: Tight Reservoir · Imbibition Oil Recovery · Highly Deviated Well ·
Enhanced Oil Recovery

1 Introduction

Huaqing oilfield in Ordos Basin has large proved reserves and developed oil resources.
The main layer length of 6 is a powerful battlefield for the exploration and development
of Huaqing oilfield. The reservoir in this area is a typical tight reservoir (permeability
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0.38md), with low formation pressure (pressure coefficient 0.6–0.8), large thickness of
stable contiguous oil layer (23.6 m), large geological reserves controlled by a single well
(106000 tons), relatively complex sedimentary environment, interaction of semi deep
lake gravity flow channels in the middle, deep lake sandy debris flow mainly developed
in the south, weak sand carrying capacity, interlayer development, and natural fractures
in the reservoir, The maximum principal stress direction NE50° ~ NE90°. Therefore, it
is urgent to explore a more suitable development mode for tight and thick reservoirs to
further improve the oil recovery.

Highly deviated well means that the same oil production well can be exploited
through multiple strata at the same time. At present, there is relatively little research
on highly deviated wells in China [1–3]. Yang [4] proposed that reservoirs with small
oil layer thickness and sufficient natural energy are suitable for long horizontal well
development, with discontinuous sand body development, reservoirswith complexwater
drive conditions are suitable for short horizontal well development, and reservoirs with
many oil layers and large thickness are suitable for highly deviated well development,
Tang [5] developed the directional hydraulic injection technology to solve the technical
problems of highly deviated wells, realizing the natural positioning of the spray gun and
avoiding the problemof shooting through thin interlayer in the perforation process. Based
on previous studies, on the basis of numerical simulation and field test analysis of Chang
6 reservoir in the L183 area of Huaqing oilfield, this paper discusses the transformation
intensity, reasonable flow saturation ratio and advance water injection time of highly
deviated wells, and finally realizes the scale benefit development of highly deviated
wells in tight reservoirs. Its understanding has important reference significance for the
benefit development of highly deviated wells in subsequent tight reservoirs.

2 Reservoir Profile

L183 area of Huaqing district is located in Huachi County, Gansu Province, with an area
of about 300 square kilometers, belonging to the Loess Plateau landform. The surface is
covered by 100–200 m thick Quaternary loess, with complex terrain, crisscross gullies
and uneven ridges. Exposed rocks can be seen in the valley where the river cuts down
deeply. The ground elevation is 1350–1660 m, and the relative elevation difference is
about 310 m.

L183 area ofHuaqing oilfield is located in the south of the slope ofOrdos sedimentary
basin in Northern Shaanxi [6]. It is a deep-water gravity flow deposit. The structure is a
gentlewest dippingmonocline. Themain development layer system is TriassicYanchang
Chang6 oil layer group. The oil layer is stable and thick. The Southmainly develops deep
Lake sandy debris flow with weak sand carrying capacity, small sand body development
scale, thin oil layer, rapid change, interlayer development, reservoir burial depth of
2064 m, and 11.9 m oil layer, The poor oil layer is 4.6 m, the average porosity is 11.6%,
the average permeability is 0.28 mD, the oil saturation is 56.87%, the resistivity is 55.41
�m, and the acoustic time difference is 225.8 us/m.
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3 Well Pattern Transformation of Highly Deviated Well

3.1 Establishing a New Model of Imbibition Displacement in Highly Deviated
Wells

According to the driving mechanism of matrix fracture network and Blasingame theory
[7, 8], the unstable seepage model of highly deviated wells is derived. According to
Fig. 1, the seepage area of highly deviated wells is divided into inner and outer areas.
The inner area is artificial fracture network and matrix seepage, and the outer area is
mainly matrix seepage. Combined with block reservoir parameters, the zonal seepage
theory chart is established.
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Fig. 1. Zonal seepage theory chart of highly deviated wells.

After high angle volume fracturing, a comprehensive characterization development
mode of differential pressure mass transfer and imbibition displacement is established.
The fracture network structure is the main control factor affecting matrix fracture
mass transfer. After volume fracturing, the oil production rate is the sum of imbibition
displacement and differential pressure mass transfer, that is:

Qw = �q + qw (1)

qw = Cf
KwA

μ
(pf − pm) (2)

whereQw is the totalmass transfer within the scope of large-scale volume transformation
of horizontal well, m3/d; �q is the imbibition production rate within the scope of large-
scale volume reconstruction of horizontal well, m3/d; qw is the differential pressure mass
transfer and oil production rate, m3/d.
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Necessity of highly deviated well
The tight reservoir of the Huaqing oilfield has the characteristics of large oil layer thick-
ness, developed interlayer, large proved undeveloped reserves, and sand body structure
mainly of continuous superposition type, as shown in Fig. 2. In view of the develop-
ment advantages of comprehensive vertical wells and horizontal wells in the reservoir
physical properties of the study area, the development mode of highly deviated wells
is innovatively proposed to make full use of each small layer, realize the development
of multi-layer system, and improve the horizontal and vertical production degree of the
reservoir.

Fig. 2. Profile of Chang 6 reservoir in the L183 area of the Huaqing Oilfield.

The pressure distribution of water drive in 20a through numerical simulation in the
study area is shown in Fig. 3. The figure shows that the pressure distribution of highly
deviated wells is relatively uniform, and the start-up pressure gradient is higher than that
of directional wells and horizontal wells. There is a wide range of low-pressure area near
the wellbore of horizontal wells, and the pressure difference in the area is small. While
the pressure distribution near directional wells is uneven, the pressure at the edge wells
and corner wells of highly deviated wells is low, and the production pressure difference
is larger than that of directional wells.

Consequently, the numerical simulation in the study area shows that the reservoirs
with thick layers,multiple thin layers and relatively high permeability inHuaqing oilfield
have good adaptability for highly deviated wells, greater plane sweep efficiency, greater
start-up pressure gradient and more uniform seepage field.

According to Fig. 4, it can be proved theoretically that the highly deviated well on
the plane has realized the transformation from conventional fracturing to single sand
body volume fracturing. A single fracture is generated after conventional fracturing on
the profile, while independent multiple fractures are formed in highly deviated wells.

In order to improve the production degree of reserves, oil production rate and single
well production, the development mode of highly deviated wells is optimized for the
thick oil reservoir developed in Huaqing Chang 6 inter-layer.
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Fig. 3. Numerical simulation pressure distribution of Chang 6 in the L183 area ofHuaqing oilfield
(20 years of water drive).
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Fig. 4. Schematic diagram of theoretical volume fracturing for highly deviated wells.

3.2 Selection of Well Pattern

Selection ofwell pattern andwell type the reservoir physical property of Huaqing oilfield
is poor, and there are contradictions in the development process, such as slow establish-
ment of effective displacement system and rapid production decline. Thus, the three well
patterns of rhombus reverse nine-spot well pattern, five-spot well pattern and rectangular
well pattern are optimized. The results of numerical simulation are shown in Fig. 5 and
Fig. 6. The five-spot well pattern has a large number of water injection wells and a small
distribution of residual oil. The rhombus reverse nine-spot well pattern and rectangular
well pattern have obvious distribution of residual oil. Controlled by the well pattern, the
residual oil is enriched near the corner well, but the pressure distribution of rectangular
well pattern is more uniform than that of rectangular well pattern.

In combination with the development characteristics of natural fractures and the
current principal stress direction in Huaqing area [9], the well pattern adjustment in
this area is designed and optimized to make it easier to establish a displacement system
between oil and water wells and extend the stable production time. The well pattern
distribution of Huaqing tight reservoir is related to the fracture density and reservoir
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Fig. 5. Numerical simulation of Chang 6 in the L183 area of Huaqing Oilfield.
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Fig. 6. Numerical simulation of Chang 6 in L183 area of Huaqing Oilfield.

matrix permeability, and the tight reservoir has obvious non Darcy seepage character-
istics, Therefore, it is necessary to calculate the formation pressure distribution curves
between water injection wells and oil production wells under different well row spacing.
According to the starting pressure gradient under different permeability (Fig. 7), the
well spacing of rectangular well pattern of highly deviated wells is determined to be
400 m. Draw the chart of the relationship between fracture bandwidth and single section
production (Fig. 8), determine that the effective width of artificial fracture is about 10 m,
and determine that the row spacing is 120–160 m in combination with the length of the
inclined section of highly deviated wells of 80–100 m.

Permeability (mD)

Effective displacement pressure difference between injection 
and production wells (M

P ) 

Fig. 7. Effective displacement injection production differential pressure and permeability chart.
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Fig. 8. Single section production with different average fracture bandwidth.

4 Large Scale Application of Highly Deviated Wells to Enhance Oil
Recovery

4.1 Reconstruction Strength in the L183 Area

Referring to the idea of large-scale reservoir reconstruction of horizontal wells, aiming at
the reservoir with multi-layer system production and high level of horizontal and vertical
production, the technical idea of hydraulic injection, fine multi-stage and interference
fracturing is adopted as a whole to form the development mode of highly deviated
wells in tight reservoir of Huaqing Oilfield: (1) single point centralized perforation: the
point source fracture is achieved through hydraulic multi-stage perforation, making the
artificial fracture easy to be controlled and extended; (2) Vertical layered fracturing: use
the reservoir at the geological “sweet spot” and the corresponding place of injection and
production to realize fine multi-stage fracturing; (3) Large displacement fracturing: it is
similar to multi-stage and multi cluster fracturing in the horizontal well layer, increasing
the three-dimensional complexity of fractures.

By establishing the fracturing geological model in the study area, the numerical
simulation software and fracturing software are comprehensively used to optimize the
key parameters. See Fig. 9 and Table 1 for details, so as to realize the replacement of
natural fractures by artificial fractures. Finally, it is determined that the reconstruction
technology is mainly conventional hydraulic jet staged fracturing, with the fracturing
fluid of biological glue and EM30 + fracturing fluid. The number of fracturing sections
is 4–8, and the single well sanding section is 57–63 m3, the discharge capacity is 4–
6 m3/min, the sand ratio is 19.0–25.0%, and the amount of liquid entering the ground is
2300–2500 m3.

Based on the mature experience of the test of changing the water injection devel-
opment mode [10] (Fig. 10), the well is blocked after fracturing. The actual average
number of fracturing sections of 139 highly deviated wells in the test area is 5.6, the
average sand addition per well is 352 m3 (single section 63 m3), the average sand ratio
is 19.6%, the displacement is 5.7 m3/min, the amount of ground fluid is 2500 m3 (single
section 446 m3), and the average single well is blocked for more than 20 days.

It is proved that the scale of reservoir reconstruction is in direct proportion to daily oil
production through the scatter relation diagram of single section fluid inflow and daily
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Construction displacement (m3/min)

Net pressuret (M
P ) 

Direction of maximum principal stress

Fig. 9. Net pressure chart and large-scale molded fracture network matching chart of reservoirs
with different thickness and different displacement in the study area.

Table 1. Parameters of volume fracturing in highly deviated well area.

well
number

number
of
clusters

sand
quantity
m3

sand
ratio
%

displacement
m3/min

fracture
pressure
MPa

working
pressure
MPa

Single
section
liquid
inflow
m3

flowback
liquid
volume
m3

1 6 42.5 17.9 6.0 91.3 63.9 479.2 54.6

2 5 52.0 19.8 6.0 71.2 54.4 354.1 71.0

3 6 60.8 18.6 5.0 79.4 58.2 496.5 86.3

4 6 43.3 19.5 6.0 72.0 43.9 318.6 59.7

5 6 54.2 18.2 5.0 75.9 57.8 398.5 72.7

6 5 64.0 19.6 6.0 68.3 47.2 430.2 81.1

Top view projection of 
artificial crack

Artificial crack Reservoir principal 
stress profile

Fig. 10. Schematic diagram of highly deviated well + hydraulic jet staged fracturing process in
the L183 area.
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oil production and the scatter relation diagram of displacement and daily oil production
(Fig. 11). Contrary to the conventional understanding, the greater the displacement in
the study area, the lower the water cut. The large displacement reconstruction forms a
wide fracture instead of extending the fracture to the far end. The transformation near
the perforated section can be fully carried out without affecting the water cut while
extracting the liquid.

Fig. 11. Scatter diagram of single section liquid inflow and daily oil production.

The perforation control degree parameter introduced in this paper is shown in Fig. 12,
that is, the effective oil layer length divided by the number of perforated sections rep-
resents that a single perforated section controls the oil layer length. The smaller the
controlled oil layer length of a single perforated section, the better the reservoir recon-
struction effect. Combinedwith the concept of reducing the number of fracturing sections
by controlling the cost, the optimal result is 10–20 M/piece.

Fig. 12. Scatter diagram of perforation control degree and oil testing volume.

L183 area of the Huaqing oilfield adheres to the development technical policy of
“fine layering, small water volume, long period and plane equilibrium” advanced water
injection and coiled tubing + closed well. The pressure level is maintained at more than
120% (Fig. 13). The formation energy is sufficient, and all water injection wells adopt
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separate injection in 2–3 layers. The vertical water absorption is uniform, the water
drive control degree reaches 72.4%, and the dynamic liquid level is maintained at about
1000 m.
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Fig. 13. Variation curve of oil pressure of water injection well and flow pressure of production
well in highly deviated well in the L183 area.

4.2 Reasonable Flow Saturation Ratio in the L183 Area

The correlation analysis between the flow saturation ratio and single well production in
the Chang 6 highly deviated area of the Huaqing L183 area shows that when the flow
saturation ratio is less than 0.8, the single well production is between 4.0–5.0 t, and the
benefit is maximized. According to the analysis of single well B299-54X, there is no
obvious decline when the flow saturation ratio is about 1.0 (Figs. 14 and 15).

Fig. 14. Scatter diagram of well flow saturation ratio and daily oil production in the L183 area.

Through the industrial profile test (Table 2, Fig. 16), the vertical oil layers are fully
utilized, and the vertical production degree of the reservoir is increased to more than
80%. Compared with adjacent horizontal wells, highly deviated wells produce 0.9t ↑
3.5t oil in 100m horizontal section, and the initial oil production rate is 0.7% ↑ 1.8%.
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Table 2. Production interpretation results of B184-107X well.

number Perforation
point
m

Daily water
production
m3/d

Daily oil
production
m3/d

Liquid
production
m3/d

Moisture
content
%

Relative
liquid
production
%

1 2223.0 0.61 1.74 2.35 26.11 24.33

2 2238.0 0.47 1.36 1.83 25.63 18.94

3 2265.0 0.49 1.40 1.89 25.77 19.57

4 2281.0 0.47 1.37 1.84 25.64 19.05

5 2294.0 0.45 1.30 1.75 25.63 18.12

total 2.49 7.17 9.66 25.78 100
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Production decline law in the L183 area
The production change of highly deviated wells in the L183 area conforms to the law
of exponential decline, as shown in Fig. 17. The production decline is 10.9% in half a
year, 30.8% in one year, and the water cut is stable at about 25%, which is in the early
decline stage as a whole.
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Production date / month

D
aily oil production /t

Fig. 17. Pull up curve of daily oil production and production of highly deviated wells in the L183
area.

5 Conclusion

(1) The tight reservoir in theHuaqing oilfield has poor physical properties, strong hetero-
geneity and natural fractures, but relatively high permeability sections are developed
in many sets of small layers in the study area. The numerical simulation results show
that highly deviated wells have feasibility and superiority in the development of tight
reservoirs.

(2) The highly deviated wells in the study area are developed by advanced fine layered
water injection, and the regional formation pressure is maintained at a level of more
than 120%. The seepage range is increased and the oil production rate is greatly
improved by using the imbibition displacement effect of closed wells.

(3) The development of highly deviated wells in the study area changes the relationship
between reservoir reconstruction fractures and oil layers from two-dimensional level
to three-dimensional level through the change of well pattern. Through numerical
simulation combinedwith actual field test results, it is proved that the idea of reducing
the number of fracturing sections in highly deviated well area combined with cost
control can maximize the benefit when the optimal perforation control result is
10–20 m/well and the reasonable flow saturation ratio is less than 1.0.

(4) At the initial stage, the average daily oil production of a single well in the study
area is 4.0 t, the initial production of highly deviated wells is 2.0–2.4 times that
of surrounding directional wells, the initial oil production rate is increased from
0.8–1.0% to 2.0–2.3%, and the oil production rate and single well production of the
block are significantly increased.
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Abstract. This article is on the basis of the analysis of geological environmen-
tal factors such as topography, engineering geology, hydrogeology, and geolog-
ical environmental issues in the Langfang north three counties, Hebei Province.
According to the studyof the interaction betweengeological environment elements
and subsurface space development, a geological environment suitability evalua-
tion index system for different depths of subsurface space development has been
established. This article evaluates the suitability of the development and utilization
of the shallow (0 ~−18m),medium(−22 ~−50m) and deep (Below 70m) subsur-
face space at different depths in this area according to the four levels of unsuitable,
less appropriate, more appropriate and appropriate by the analytic hierarchy pro-
cess. The results show that more than 70% of shallow and deep layers the study
area is suitable or more suitable for the development and utilization of subsurface
space. Among them, the suitable area for shallow subsurface space development
accounts for 31.23%, the more suitable area accounts for 53.63%, the less suitable
area accounts for 12.27%, and the unsuitable area accounts for 2.87%; The middle
suitable area accounts for 7.45%, the more suitable area accounts for 46.61%, and
the less suitable area accounts for 34.48%; The proportion of unsuitable areas
is 11.95%; The deep suitable area accounts for 30.81%, the more suitable area
accounts for 43.86%, and the less suitable area accounts for 22.72%; The propor-
tion of unsuitable areas is 2.62%. The evaluation results can provide geoscientific
basis for the planning of subsurface space development and utilization in the study
area.
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Process · Suitability · Langfang North Three Counties
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1 Introduction

With the continuous deepening of the urbanization process, “urban diseases” such as
population expansion, housing shortage, and traffic congestion are increasingly promi-
nent. At the same time, the development of cities is also undergoing a transformation
from extension expansion to connotation upgrading. Cities are no longer planar expan-
sion, which requires scientific territorial space planning for development within limited
space. Nowadays, the comprehensive utilization of subsurface space is considered to be
an effective solution [1, 2]. As an effective way to solve the “city illness”, the develop-
ment and utilization of underground space has reached an unprecedented scale [3], its
development and utilization methods are becoming increasingly diverse [4]. Subsurface
space resources are one of the precious natural resources in the surface substrate layer. As
an important component of urban organisms, they will play a pivotal role in future urban
construction [5]. The development and utilization of urban subsurface space plays an
important role in improving land utilization efficiency, saving land resources, improving
urban transportation, expanding infrastructure capacity, increasing urban green space,
maintaining historical and cultural characteristics, reducing environmental pollution, and
improving ecological landscape [6, 7]. However, as an important land space resource
[8, 9], subsurface space development is irreversible, and unreasonable development will
cause a huge waste of valuable underground resources [10, 11]. In order to improve the
rational development and orderly utilization of underground space resources, it is neces-
sary to conduct a preliminary evaluation of the suitability of underground space develop-
ment and utilization[12, 13].In the past process of geological environment assessment,
the constant weight vectors calculated through Analytic Hierarchy Process, Principal
Component Analysis, and other methods, although to some extent reflecting the effect
of multi-factors on the target, ignored the impact of internal differences in indicators. In
order to make up for this limitation of constant weight, this evaluation introduced the
idea of using variable weights. With the proposal of the non-capital function alleviation
strategy, the coordinated development planning of the northern three counties of Lang-
fang in Hebei and Tongzhou District in Beijing has become an important undertaking
area for the transfer and upgrading of non-capital function industries in Beijing. In order
to fully improve land use efficiency, save land resources, and improve urban transporta-
tion, it is of great significance to conduct an evaluation of the suitability of subsurface
space development and utilization in this area.

2 General Situation

The study area is located at the junction of Tongzhou District in Beijing and Tianjin City,
including Sanhe City, Dachang Hui nationality County, Xianghe County, and other three
counties (referred to as the North Three Counties of Langfang City). It is the east gate of
the capital Beijing. Located 16 km north of Capital Airport and 100 km east of Tianjin
Tanggu Port, it is the core hub of the Bohai Rim Economic Circle. The research area
covers an area of about 1258 square kilometers, with an overall terrain that is high in the
north and low in the south. The average altitude is generally 5.9 to 31.9 m, the natural
longitudinal slope of the ground is about 0.66‰, and the annual average precipitation is
584.6 mm (Fig. 1).
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Fig. 1. Map of the study area and ground surface slope.

3 Geological Environmental Conditions

The study area is located in the north central part of the North China landmass, the
western section of the Mesozoic Cenozoic intracontinental orogenic belt in the Yanshan
Mountains. The main faults include Yanjiao fault, Xiadian fault, Nankou Sunhe fault,
Xianghe fault, etc. Quaternary sediments are generally exposed on the surface, and the
main strata buried at a depth of 50 m or less include artificial fill, modern riverbed
alluvial, river alluvial, lacustrine deposits, and proluvial deposits [14, 15]. The area
mainly exploits Quaternary aquifer pore groundwater with a buried depth of less than
300 m [16]. The main environmental geological issues existing in the area including
active faults, ground subsidence, ground fissures, karst collapse, sand liquefaction, etc.
[17].

The Quaternary system is widely distributed in the research area, consisting of the
Chaobai River alluvial fan, and is divided into 8 engineering geological layers from top
to bottom at a depth of 80 m. The engineering geological factors that have an impact
on the development of subsurface space in the study area include the bearing capacity
of rock and soil, soil uniformity, sand liquefaction, and crustal stability. Hydrogeology
mainly includes factors such as groundwater level, aquifer thickness and Aquifer water
abundance. Thegroundwater level in the study area has a great impact on the development
and utilization of underground structures. Areas with aquifer thickness of huge thickness
and strong water yield are mainly spread on both sides of the river. Karst areas are
mainly distributed near Gaolou Town and Qixinzhuang Town.The areas with severe
land subsidence are mainly distributed around Yanjiao Town.
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4 Suitability Evaluation of Underground Space

4.1 Evaluation Method

Rational utilization of subsurface space is an important issue facing modern urban man-
agement [18, 19], especially with the continuous consumption of shallow and central
underground space resources, the development and utilization of subsurface space will
develop and extend to deeper layers [20], the evaluation of the suitability of subsurface
space development and utilization is a complex systematic work under the influence of
multiple sources of influencing factors [21], due to the different geological environment
characteristics faced by different regions, the factors affecting the development and uti-
lization of underground space are also different, so selected the evaluation index system
and method are different. For example, the main factors affecting of the exploiting of
subsurface space in bedrock areas are karst collapse, active faults, etc. The influencing
factors in plain areas are much more complex, such as seawater intrusion and its cor-
rosivity, the thickness of muddy soil and its engineering geological characteristics, and
land subsidence in coastal areas [22]. This evaluation mainly involves factors affecting
the topography, engineering geology, hydrogeology, geological environmental issues,
and other aspects of the plain area. Each indicator includes several secondary evaluation
indicators (Table 3). For the evaluation work under the influence of multiple sources
and complex influences, it is necessary to conduct hierarchical decomposition of the
overall evaluation under the guidance of system thinking [23]. This paper establishes a
multi-level indicator system based on the idea of analytic hierarchy process. Variable
weight theory is used to quantify and determine the weight of indicators. Finally, a sen-
sitivity factor comprehensive index variable weight evaluation former is used to obtain
the suitability evaluation results.

Method Selection. Analytic Hierarchy Process (AHP) is a systematic, hierarchical,
qualitative and quantitative analysis method that combines simple principles and well-
knit theory foundation. A large number of practical cases have also confirmed that
Analytic Hierarchy Process is very practical and effective for solving complex multi-
objective decision-making problems, especially for system problems with both qualita-
tive and quantitative indicators [24]. The AHP is based on a systematic analysis of the
essence and influencing factors of complex multi-objective decision-making problems,
decomposing them into levels such as goals, criteria, and plans, and then conducting
qualitative and quantitative analysis. The basic steps include: Establish a hierarchical
model, construct a paired comparison matrix, calculate weight vectors under a single
criterion, and verify consistency.

• (1) Hierarchy model establishment

Analyze the essential issues and influencing factors of the system, and then construct
a multi-level model. A complete structural model contains target layer, criterion layer,
and scheme layer. The division of importance is based on a 1–9 scale method (Table 1).
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Table 1. Scale and meaning of judgment matrix.

Mark Implications

1 Both factors are equally important

3 Compared to two factors, one is slightly more important than the other

5 Compared to two factors, one is significantly more important than the other

7 Compared to two factors, one is more important than the other

9 Compared to two factors, one is extremely important than the other

2 4
6 8

Intermediate value of the above two adjacent judgments

count backwards If the importance of Ai compared to Aj is aij, then Aj compared to Ai is aji
= 1/aij

Determine the relative importance of the influencing factors according to Table 1,
and construct a judgment matrix A:

A =
⎡
⎢⎣
a11 · · · a1n
...

. . .
...

an1 · · · ann

⎤
⎥⎦

• (2) Calculate weight vector

The weight vector is calculated using the geometric average method. First, the geo-
metric average of each row vector of the judgment matrix A is calculated, and then the
weight vector is obtained through normalization ωi:

ωi =
(∏n

j=1 aij
) 1

n

∑n
k=1

(∏n
j=1 akj

) 1
n

i = 1, 2, 3, . . . , n

• (3) Checking the consistency of the judgment matrix

First, calculate the consistency indicator CI:

CI = λmax − n

n − 1

Find the average random consistency index RI and calculate the random consistency
ratio CR according to Table 2.

When CR = CI
RI < 0.1, the judgment matrix is considered to meet the consistency

requirements; When CR ≥ 0.1, the judgment matrix should be modified again.

Evaluation Steps. 1. Based on the actual situation of protecting the aquifer in the
research area and the principle of layered utilization of underground space in the “Ur-
ban Underground Space Planning Standard”, the geological environment assessment of
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Table 2. Random consistency index.

Matrix order 1 2 3 4

RI 0 0 0.58 0.89

Matrix order 5 6 7 8

RI 1.12 1.26 1.36 1.41

underground space in the study area is separated into shallow layer (0 ~ −18 m), middle
layer (−22 ~ −50 m), and deep layer (below 70 m).

2. Analyze and select the geological environmental factors that affect the devel-
opment of subsurface space in each layer of the study area as evaluation indicators,
divide them into sensitive factors and important factors, and classify and standardize the
important factors.

3. Theweight of evaluation indicators is determined using analytic hierarchy process.
4. Using MapGIS to vectorize the layers of each evaluation index, perform

attribute assignment and spatial analysis to obtain the geological environment suitability
evaluation unit.

5. Calculate the index variable weight of each evaluation unit based on the evaluation
index grade.

6. Calculate the comprehensive index of each evaluation unit, formulate evaluation
criteria, and partition to obtain a geological environment suitability zoning map.

7. The final evaluation result is obtained by stacking sensitive factors on the
geological environment suitability zoning map.

4.2 Selection of Evaluation Index System

The evaluation index system for this project is according to the collection and organi-
zation of relevant data, summarizing the geological environment factors that affect the
development of subsurface space, and then deeply analyzing their mutual constraints
with the development of underground space. Combining the characteristics of the geo-
logical environment in the research area, a geological environment suitability evaluation
index library for underground space development has been constructed. At the same
time, the evaluation indicator system follows the three principles of “high potential
risk, large impact range, and accessible data” to screen indicators [25–27]. The geolog-
ical environment factors that affect the development of underground space in the study
area are selected for this evaluation. The evaluation work has established an evalua-
tion index system based on reflecting the special geological environment in the study
area, the research level of the results and data, and comprehensive, scientific, reason-
able, and practical aspects. It mainly includes four categories of first-class indicators,
namely, terrain and geomorphology, engineering geological conditions, hydrogeological
conditions, and environmental geological issues. The terrain and geomorphologymainly
consider the terrain slope as a secondary indicator, the engineering geological conditions
mainly consider the bearing capacity of rock and soil mass, soil homogeneity, crustal



342 D. Du et al.

stability (including sensitive indicators such as active fractures and karst collapse), and
sand liquefaction as a secondary indicator, and the hydrogeological conditions mainly
consider the phreatic water depth, aquifer water yield, aquifer thickness, and groundwa-
ter corrosivity as a secondary indicator, Geological environment issues mainly consider
the ground elevation as a secondary indicator (Table 3).

4.3 Index Standardization and Determination of Weight

Based on the actual situation of relevant research and research areas at home and abroad,
each index is divided four levels: I (excellent), II (good), III (average), and IV (poor)
[28–31]. In order to facilitate the evaluation work, it is necessary to standardize and
assign values. According to the classification of evaluation index grades, I (excellent),
II (good), III (general), and IV (poor) are assigned values of 0.9, 0.6, 0.3, and 0.1,
respectively. Based on the analytic hierarchy process, this study divides the evaluation
indicators for the suitability of underground space development and utilization in the
research area into target layer, primary index, and second level index. First, construct
the judgment matrix of the secondary index, then construct the corresponding judgment
matrix of the tertiary indicator layer within each secondary indicator, and finally obtain
the weight of each evaluation indicator based on the judgment matrix (Table 3).

4.4 Comprehensive Evaluation

According to the actual situation of geological environment conditions of the study area,
active faults and karst collapse areas are selected as sensitive indicators. The impact
range of active faults refers to the minimum avoidance distance specified in the Code for
Seismic Design of Buildings. Areas within 100 m of active faults are classified as sen-
sitive factors, and areas where sensitive factors exist are directly classified as unsuitable
areas. Comprehensive evaluation refers to the superposition of sensitive indicators on
the basis of the evaluation results of various indicators to finally obtain suitable zones,
which are divided into four levels, namely, unsuitable zones (evaluation score < 0.5,
less suitable zones (evaluation score 0.5 to 0.6), more suitable zones (evaluation score
0.6 to 0.7), and suitable zones (evaluation score > 0.7).

5 Evaluation Results

The evaluation results show that: the suitable area for developing shallow underground
space is 398.76 km2, proportion 31.23%; The relatively suitable area is 684.86 km2,
proportion 63.63%; The area of the less suitable area is 156.73 km2, proportion 12.27%;
The area of the unsuitable area is 36.6 4 km2, proportion 2.87%. Unsuitable areas for
the development and utilization of shallow subsurface space are mainly distributed in
Gaolou Town, Qixinzhuang Town, and some areas of Xianghe County in the south of the
study area (Fig. 2). The main factors affecting unsuitability include poor crustal stability,
land subsidence, high water yield in aquifers, active fractures, and liquefaction of sand.

The suitable area for the middle layer is 95.18 km2, proportion 7.45%; The rel-
atively suitable area is 595.21 km2, proportion 46.61%; The area of the less suitable
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area is 440.27 km2, proportion 34.48%; The area of the unsuitable area is 152.59 km2,
proportion 11.59%. Unsuitable areas for the development and utilization of middle-
level subsurface space are mainly distributed on both sides of the Yanjiao fault zone, in
the southwest of Yangzhuang Town, in Qixinzhuang Town, Sanhe City, in the north of
Gaolou Town, and in the south of Huangzhuang Town. Themain factors affecting unsuit-
ability include poor crustal stability, land subsidence, active fractures, karst collapse, and
sand liquefaction (Fig. 3).

Table 3. Evaluation index system and weight. [32]

Target layer 1st index(B) Secondary

indicators(C)

Index grading standards and grades Weight

Depth I(excellent) II (good) III (General) IV (poor) Shallow Middle Deep

Layered

evaluation of

the suitability

of

underground

space

development

and

utilization(A)

Geomorphological(B1) Terrain slope/

(°) (C1)

/ <5 5–15 15–25 >25 0.0465 0.0349 0.0279

Engineering geological

conditions

(B2)

Bearing

capacity of rock

and soil

mass/KPa (C2)

/ >200 160–200 120–160 <120 0.1200 0.1200 0.1200

Soil uniformity

(C3)

/ Monolayer

(Silt)

Double

layer (fine

sand, silt or

silt, silty

clay)

three layers

(Silt, silty

sand

Interbedding)

Multilayer

(upper silty

clay, lower

fines and,

medium

coarse sand

nterbedding)

0.0645 0.0645 0.0645

Crustal stability

(including

sensitive

indicators such

as active faults

and karst

collapse) (C4)

/ Stabilize Relatively

stable

Less stable Instability 0.1200 0.1200 0.1200

Sand

liquefaction

(C5)

/ No

liquefaction

Slight

liquefaction

Moderate

liquefaction

Easily

liquefiable

0.2234 0.2234 0.2234

Hydrogeological

conditions(B3)

Phreatic water

depth/m (C6)

Shallow >15 15–10 10–5 <5 0.0556

middle >30 30–25 25–20 <20 0.0556

Aquifer water

yield/m3/d (C7)

/ <500 500–1000 1000–3000 >3000 0.0393 0.0393 0.0543

aquifer

thickness/m

(C8)

/ <5 5–10 10–15 >15 0.0870 0.0870 0.0987

Groundwater

corrosivity (C9)

/ weak weaker average better 0.1507 0.1507 0.1794

Geological

environmental

issues(B4)

land

bsidence/mm/y

(C10)

/ < 10 10–30 30–50 >50 0.0931 0.1047 0.1117

Note: “/” Indicates that this indicator is used in the suitability evaluation of shallow, medium, and
deep underground spaces

The deep suitable area is 393.38 km2, proportion 30.81%; The relatively suitable
area is 560.06 km2, proportion 43.86%; The area of the less suitable area is 290.11 km2,
proportion 22.72%; The area of the unsuitable area is 33.43 km2, proportion 2.62%.
Unsuitable areas for the development and utilization of deep subsurface space aremainly
distributed in Qixinzhuang Town, Sanhe City, in the north of Gaolou Town, and on both
sides of the Yanjiao Fault and Xiadian Fault zones. The main influencing factors for
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Fig. 2. Geological environment suitability
zoning map for shallow depth underground
space development.

Fig. 3. Geological environment suitability
zoning map for development of middle depth
subsurface space

unsuitability include karst collapse, high water yield in aquifers, land subsidence, active
fractures, etc. (Fig. 4).

Fig. 4. Geological environment suitability zoning map for deep depth underground space
development.

6 Recommendations

Based on the analytic hierarchy process, the suitability evaluation of subsurface space
development and utilization in three different depths, namely shallow,medium, and deep,
was conducted in the northern three counties of Langfang, Hebei Province. The results
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showed that over 70% of the shallow and deep areas in the study area were suitable or
more suitable for subsurface space development and utilization. For unsuitable areas, it
is important to pay attention to the main factors affecting the development of subsurface
space, such as active fractures, karst collapse, land subsidence, sand liquefaction, and
ground fissures. Corresponding preventive measures should be taken when developing
and utilizing subsurface space. The evaluation results can provide a reference for the
rational development and utilization of subsurface space in this area.
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DD20221727, DD20230438 and DD20190251).
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Abstract. Clarifying the spatial distribution, influencing factors, and spatial suit-
ability of rural tourism is of great significance for the industry authorities to opti-
mize the layout and practitioners to select sites scientifically. Using 1200 tourist
villages in Guizhou Province as the research sample, the spatial distribution, influ-
encing factors, and suitability of tourist villages are studied using the Nearest
Neighbor Index, GeoDetector, and Suitability Evaluation Model. It is found that:
the spatial distribution of tourist villages is neither randomnor dispersed but shows
a significant tendency to cluster in a specific local space. Multiple factors signif-
icantly influence the spatial heterogeneity of tourist villages. Distance to tourist
attractions, accessibility to urban areas, distance to ethnic villages, distance to
ecological villages, distance to main rivers, and distance to featured agri-products
are the major factors affecting the spatial heterogeneity of tourist villages. Tourist
villages mainly surround tourist attractions, neighboring cultural villages, conve-
niently accessible to urban areas, close to ecological villages, along with main
rivers, and nearby featured agri-products. And the tourism village distribution is
remarkably correlated with the above factors. It presents a distribution consis-
tent with distance decay. It is estimated that the area suitable for developing rural
tourism in Guizhou is limited. The highly suitable, relatively suitable, and gen-
erally suitable areas for developing rural tourism are only about 1.38%, 6.95%,
and 11.35% of the total area, respectively. Approximately 80.32% of the area in
Guizhou is still not suitable for developing rural tourism.

Keywords: Rural Tourism · Spatial Distribution · Influencing Factors · Spatial
Suitability

1 Introduction

A thriving business environment is the basis for rural revitalization and resolving all
of the issues facing rural areas. Rural tourism is a new industry that expands agricul-
tural functions, explores rural values, and innovates business types [1, 2]. Rural tourism
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development has a significant positive effect on promoting rural revitalization, poverty
alleviation, and sustainable development [3–5]. Rural tourism is regarded as an essential
method of revitalizing rural China in recent years. Research shows that rural tourism
development can promote rural industrial and community development and is an effec-
tive path to consolidate the results of poverty alleviation and rural revitalization [6,
7].

The spatial distribution of rural tourism is a long-standing common concern among
scholars. Since Wu et al. (2004) [8] conducted a study on the spatial distribution of rural
tourism in China, the research in this field is gradually enriched and shows four diversi-
fied trends. Firstly, the research contents are diversified, involving the spatial distribution
types, spatial patterns, and influencing factors of rural tourism [9–11]. Secondly, the
research regions are diversified, there are studies based on administrative regions such
as national [12], provincial [13] and municipal [14], and there are also studies based on
geographical or economic regions [15, 16]. Thirdly, the research data are diversified,
government-identified [7, 8], internet celebrities [9, 17] or POIs [18] are used to conduct
research. Fourthly, the research methods are diversified, and quantitative research meth-
ods, such as Nearest Neighbor Index, Kernel Density Analysis, Buffer Analysis, and
GeoDetector, have become significant current research methods [9–18]. In summary,
recent research has yielded valuable results in the spatial distribution, pattern evolution,
and influencing factors of rural tourism.

However, there still needs to be more research on how to evaluate the spatial suit-
ability of rural tourism. The existing studies mainly set the spatial range of the sample
relative to the agglomeration of certain geographical elements as the suitable interval
for rural tourism. For single geographical features, existing studies mainly set the inter-
cepted aggregation distribution intervals as reasonable intervals without considering the
variation of sample distribution in different intervals. For various geographical factors,
the existing studies thoroughly combine the relative agglomeration intervals of various
factors without considering the strength of different factors’ determinate power. For suit-
able interval settings, the current studies need the classification of the suitability level of
each interval; otherwise, the suitability level of different intervals cannot be compared.
Identifying and effectively exploring suitable areas for rural tourism is still a challenging
problem for industry authorities and practitioners.

Accordingly, this study takes Guizhou province, where rural tourism is developing
rapidly, as the study region, selects 1200 government-identified tourist villages as the
study sample, using theNearestNeighbor Index,GeoDetector, andSuitabilityEvaluation
Model, exploring the factors influencing the spatial distribution of tourist villages and
measuring the spatial suitability of rural tourism. To provide a reference for similar areas
of rural tourism authorities to optimize the layout and practitioners to select sites.

2 Materials and Methods

2.1 Study Area

Guizhou Province is in southwest China, adjacent to Hunan to the east, Guangxi to the
south, Yunnan to the west, and Sichuan and Chongqing to the north, and is a typical
inland mountainous province. Guizhou jurisdiction Guiyang and other nine cities and
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prefectures, its administrative area is 176,200 km2. Guizhou Province is a highlight
and challenging place for China to consolidate the results of poverty eradication and
promote rural revitalization. In recent years, rural tourism in Guizhou has achieved
rapid expansion, and according to the Green Book of Rural Tourism 2022, Guizhou’s
rural tourism development index has reached fifth place in the country. The analysis of
spatial distribution, influencing factors, and suitability of rural tourism in Guizhou can
provide a reference for the layout optimization by rural tourism authorities and rational
site selection by practitioners in similar areas.

2.2 Methods

Nearest Neighbor Index. The Nearest Neighbor Index (NNI) can be used to charac-
terize tourist villages’ clustering and dispersion status. The Nearest Neighbor Index is
expressed as the ratio of the Observed Mean Distance to the Expected Mean Distance.
The formula for NNI is shown in Eq. (1) as follows.

NNI = R̄O

R̄E
=

∑n
i=1 di
n

/

√
A/n

2
(1)

where RO is the Observed Mean Distance; RE is the Expected Mean Distance; di is the
distance between tourist village i and its nearest tourist village. n is the number of tourist
villages; A is the area of the study region. When NNI > 1, the trend is toward dispersion
or competition; When NNI < 1, the pattern exhibits clustering.

GeoDetector. The GeoDetector is proposed byWang et al. [19], it can be used to detect
the consistency of the spatial pattern between the dependent variable and the independent
variable, whereby the determinate power of the independent variable on the dependent
variable is measured. This study uses GeoDetector to analyze the factors influencing
the spatial heterogeneity of tourist villages. The formula for GeoDetector is shown in
Eq. (2) as follows.

q = 1 − 1

nσ 2

∑m

i=1
niσ

2
i (2)

where q is the determinant power of influence factor; n and σ 2 are sample size and
variance for the entire region; m and σ 2

i are sample size and variance for sub-level
regions. The value range of q is [0, 1], a higher q value indicates a more substantial
determinant power of the influence factor, and the opposite is weaker.

Suitability Evaluation Model. In this study, a Suitability Evaluation Model is con-
structed to measure the spatial suitability of rural tourism. The formula is shown in
Eq. (2) as follows.

SCj =
∑n

i=1
WiCij (3)

where SCj is the composite score of the jth grid;Wi is the weights of the ith explanatory
variable; Cij is the judging score of the ith explanatory variable in the jth grid. Judging
the suitability grade of each grid for rural tourism based on the composite score. When
S ≥ 85 is a highly suitable area; When 85 > S ≥ 70 is a relatively suitable area; When
70 > S ≥ 60 is a generally suitable area; When S < 60 is an unsuitable area.
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2.3 Data Sources

The research sample of this study is 1200 tourist villages in Guizhou Province which
were identified by governments at or above the county level from 2011–2021. The data
were obtained from the Guizhou provincial government data open platform and the
official websites of government departments. The coordinates of the study samples were
searched individually, and then the spatial distribution of tourist villages was mapped
(see Fig. 1).

Fig. 1. Spatial distribution of tourist villages in Guizhou Province.

A variety of factors influence the spatial distribution of tourist villages. Concern-
ing available studies, this paper screens out six-dimensional indicators, including cul-
tural and tourism resources, traffic conditions, ecological conditions, natural conditions,
industrial base, and socio-economic development, with 12 influencing factors to analyze
the impact on the spatial distribution of tourist villages inGuizhouProvince (seeTable 1).
InGuizhou Province, spatial data of administrative divisions, government sites, river sys-
tems, highways, etc., are obtained from the National Catalogue Service for Geographic
Information 1: 1 million national geographic databases. The data on tourist attractions
in Guizhou include 3A-level and above tourism attractions, totaling 499, which are from
the Guizhou Provincial Department of Culture and Tourism. The data on ethnic villages
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in Guizhou include 1129 government-identified ethnic villages from the National Eth-
nic Affairs Commission and the Guizhou Provincial Ethnic Affairs Commission. The
vegetation coverage was calculated based on the 2021 vegetation index (NDVI) data
provided by Resource and Environmental Sciences and Data Center, CAS, concerning
the method of Gan et al., with a resolution of 30m. The data on ecological villages in

Table 1. Influencing factors of tourist villages Guizhou.

Dimensions Factors Explanation

Culture and tourism resources Distance to tourist
attractions (km)

Tourism resources are
attraction for rural tourism,
and areas with rich tourism
resources are suitable for
developing rural tourism

Distance to ethnic villages
(km)

Traffic conditions Distance to main roads (km) Traffic conditions guarantee
rural tourism to connect with
urban sources, and areas with
convenient transportation are
suitable for developing rural
tourism

Accessibility to urban areas
(h)

Ecological conditions Distance to the ecological
village (km)

Rural tourism development
requires good ecological
conditions, and areas with
good environmental
conditions are suitable for
developing rural tourism

Site vegetation coverage (%)

Natural Conditions Distance to main rivers (km) Natural resources can affect
rural tourism and areas with
good natural resources are
suitable for developing rural
tourism

Site elevation (km)

Industrial foundation Distance to featured
agri-products(km)

Areas with prominent
agricultural features and a
high share of tertiary
industries have a better
foundation and are more
suitable for developing rural
tourism

Share of tertiary industry (%)

Socio-economic conditions GDP per cantata (104 yuan) Areas with better economic
have a higher willingness of
travel for residents to
participate in rural tourism,
which is conducive to
developing rural tourism

County resident population
(104 person)
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Guizhou include 638 government-identified ecological villages from the China Eco-
Culture Association and the Department of Ecological and Environment of Guizhou
Province. Data on featured agri-products include professional agricultural villages, geo-
graphical indication products, regional public brands, etc., recognized by government
departments from the Ministry of Agriculture and Rural Affairs and the Department
of Agriculture and Rural Affairs of Guizhou Province. Socio-economic data from the
Guizhou Provincial Statistical Yearbook 2022.

3 Results

3.1 Spatial Pattern of Tourist Villages

The spatial distribution of geographic data is classified as clustered, dispersed, and
random. The nearest neighbor index can directly reflect the spatial pattern of the data.
To explore the spatial pattern of tourist villages, the NNI was calculated. The result
indicates that the NNI of tourist villages in Guizhou province is 0.76, P < 0.01, and z
score < −2.58. It demonstrates that the spatial distribution of tourist villages is neither
random nor dispersed but shows a significant clustered. It is evident that tourist villages
significantly tend to cluster in a specific local space. Intervals of distance to tourist
attractions.

3.2 Spatial Heterogeneity of Tourist Villages

In this paper, the impact of each factor on the spatial differentiation of tourist villageswas
detected using a GeoDetector. The results reveal (see Fig. 2) that all factors significantly
affect the spatial distribution of tourist villages. Of which, distance to tourist attractions

Fig. 2. The determinant power of influence factors on spatial heterogeneity of tourist villages in
Guizhou. Where ** represents significance in 99% confidence.
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(0.46), accessibility to urban areas (0.40), distance to ecological villages (0.37), and
distance to ethnic villages (0.35) have more vital determinants and more significant
influence on the spatial differentiation of tourist villages and are the dominant influence
factors. Distance to featured agri-products (0.11) and distance to the main rivers (0.10)
also have a significant effect and are secondary factors affecting the spatial differentiation
of tourist villages. The remaining factors significantly impact the spatial heterogeneity of
tourist villages, but the determinant power is minor and moderate. In Summary, distance
to tourist attractions, accessibility to urban areas, distance to ethnic villages, distance to
ecological villages, distance to main rivers, and distance to featured agri-products are
the major factors affecting the spatial heterogeneity of tourist villages.

3.3 Spatial Correlation of Tourist Villages

The above 6 factors strongly influence the distribution of rural tourism, and further,
this paper analyzes how tourist villages are distributed under the influence of the above
factors (see Fig. 3).

Tourist Villages Mainly Surround Tourist Attractions and Decay with
Distance. The mean distance between tourist villages and tourist attractions is 5.61 km,
and 63.67% of the tourist villages locate within 6 km of tourist attractions. The results of
equidistant grouping statistics with 2 km intervals showed a significantly high negative
correlation between the number of tourist villages and the distance to tourist attractions
(P< 0.01). The quantity of tourist villages gradually decays with the increase in distance
to the tourist attractions (see Fig. 3A), and the fitted model is y = 397.676e−0.305x (R2

= 0.93). It is noticeable that the distribution of tourist villages is significantly correlated
with tourist attractions, showing a spatial distribution mainly distributed surrounding
tourist attractions and decays with distance.

Tourist Villages Mainly Neighboring Cultural Villages with Distance-Decay. The
mean distance between tourist villages and ethnic villages is 3.98 km, and about 64.50%
of tourist villages locate within 4 km of ethnic villages. The results of equidistant group-
ing statistics with 2 km intervals showed a significant and highly negative correlation
between the number of tourist villages and the distance to ethnic villages (P < 0.01).
The quantity of tourist village distribution decreases with the increase of distance to
the ethnic villages (see Fig. 3B), and the fitted model is y = 507.033e−0.168x (R2 =
0.96). The distribution of tourist villages is significantly correlated with ethnic villages,
presenting that the distribution is mainly neighboring ethnic villages and decays with
distance.

Tourist Villages Mainly Locate Conveniently Accessible to Urban Areas with Dis-
tance Decay. The mean value of the accessibility of tourist villages to urban areas is
1.80 h, and about 65.17% of tourist villages locate within 2 h of accessibility to urban
areas. In this paper, we use equal interval statistics with 1 h as the initiation and 0.5 h as
the step for the tourist village, and the results show that a significant and high negative
correlation was revealed between the number of tourist villages and the accessibility to
urban areas (P < 0.01). With the increase in accessibility, the number of tourist village
distribution tends to decay (see Fig. 3C), and the fittedmodel is y = −31.418x+297.236
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Fig. 3. Distribution of tourist villages under the influencing factors. The blue line is the observed
curve of the tourist village distributed in intervals, and the red line is the fitted curve between the
number of tourist villages and the intervals.

(R2 = 0.90). The distribution of tourist villages is significantly correlated with the acces-
sibility to urban areas, showing that they are mainly located in areas with convenient
access to urban areas and decaying with accessibility.

Tourist Villages Mainly Locate Close to Ecological Villages with Decay
Distance. The mean distance between tourist villages and ecological villages is 2.60
km. About 75.67% of tourist villages distribute within 4 km of ecological villages. The
results of equidistant grouping statistics with 2 km intervals showed a significant and
highly negative correlation between the number of tourist villages and the distance to eco-
logical villages (P< 0.01). The number of tourist villages decreases as the distance to the
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ecological villages increases (see Fig. 3D), and the fitted model is y = 745.622e−0.560x

(R2 = 0.97). The distribution of tourist villages is remarkably correlated with ecological
villages, showing the spatial distribution of clustering around ecological villages and
decaying with distance.

Tourist Villages Mainly Locate Along with Main Rivers and Decay with
Distance. The mean distance from the tourist village to the main rivers is 4.25 km,
and 74.08% of the tourist villages distribute within 6 km of the main rivers. The results
of equidistant grouping statistics with 2 km intervals revealed a significant and high
negative correlation between the number of tourist villages and the distance to the main
rivers (P < 0.01). The amount of tourist villages decreases as the distance to the main
rivers increases (see Fig. 3E), and the fitted model is y = 713.189e−0.460x (R2 = 0.99).
The tourism village distribution is remarkably correlated with themain rivers, presenting
a distribution along with the main rivers and decaying with distance.

Tourist VillagesMainly Nearby Featured Agri-Products with Distance-Decay. The
mean distance from the tourist village to the featured agri-products is 5.76 km, and
61.50% of the tourist villages distribute within 6 km of the featured Agri-products.
Equidistant grouping statistics with 2 km intervals showed a significant and highly
negative correlation between the number of tourist villages and the distance to featured
Agri-products (P < 0.01). The amount of tourist villages decreases as the distance to the
Agri-products increases (see Fig. 3F), and the fitted model is y = 314.926 − 129.365lnx
(R2 = 0.97). Distribution of tourist villages is remarkably correlated with featured Agri-
products. Demonstrates a spatial allocation primarily located near featured agri-products
and diminishes with distance.

3.4 Suitability Evaluation of Tourist Villages

Model Construction. Factors such as distance to tourist attractions, accessibility to
urban areas, distance to ethnic villages, distance to ecological villages, distance to main
rivers, and distance to featured agri-products are the major factors affecting the spatial
heterogeneity of tourist villages, have a strongly influencing impact on the spatial hetero-
geneity and correlation of tourist villages. Consequently, the above factors are selected as
the explanatory variables for the Suitability Evaluation Model of tourist villages. Based
on the determinant values of each factor on the spatial heterogeneity of tourist villages,
the weights of each factor were obtained by a standardization process. The intervals of
the factors were assigned according to the distributed characteristics presented by the
fitted models of tourist villages and each factor (see Table 2).

Model Validation. Using the constructed Suitability Evaluation Model, the score of
a selection with county-level above government-identified tourist villages is measured
based on the assignments and weights. The results indicated that the mean score of was
80.35, and about 91.36% of the selections were distributed in suitable areas. Since the
selected tourist villages are a typical case recognized by the high-level government, they
should be in a better suitability grade. The evaluation is in line with reality and indicates
that the model has a good performance.
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Suitability Evaluation. The Guizhou province is divided into several 1 km × 1 km
grids, and Suitability Evaluation Model calculates the score of each grid. According
to the score, the suitability grade of each grid is obtained (see Fig. 4). It is estimated
that 80.32% of the areas in Guizhou are still unsuitable for developing rural tourism
due to scarcity of tourism resources, insufficient cultural characteristics, poor ecological
environment, or inconvenient traffic conditions. The highly suitable area for developing
rural tourism in Guizhou is about 2,436 km2, which accounts for only 1.38% of the total
area; the relatively suitable area is about 12,243 km2, which accounts for only 6.95%
%. Less than 10% of the area can provide better suitability for developing rural tourism.
In addition, the generally suitable area is about 20,000 km2, approximately 11.35% of
the total area, suitable for developing rural tourism, but the suitable grade is low. The
suitability level of this area should be upgraded to provide backup space for developing
rural tourism.

Fig. 4. Spatial distribution of suitability areas for developing rural tourism in Guizhou.

4 Conclusion

It is evident that the spatial distribution of tourist villages is neither random nor dispersed
but shows a significant tendency to cluster in a specific local space.
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Multiple factors significantly influence the spatial heterogeneity of tourist villages.
Distance to tourist attractions, accessibility to urban areas, distance to ethnic villages,
distance to ecological villages, distance to main rivers, and distance to featured agri-
products are the major factors affecting the spatial heterogeneity of tourist villages.

Tourist villages mainly surround tourist attractions, neighboring cultural villages,
conveniently accessible to urban areas, close to ecological villages, along with main
rivers, and nearby featured agri-products. And the tourism village distribution is remark-
ably correlated with the above factors and presents a distribution consistent with distance
decay.

It is estimated that the area suitable for developing rural tourism in Guizhou is lim-
ited. The highly suitable, relatively suitable, and generally suitable areas for developing
rural tourism are only about 1.38%, 6.95%, and 11.35% of the total area, respectively.
Approximately 80.32% of the area in Guizhou still needs to be suitable for developing
rural tourism due to scarcity of tourism resources, insufficient cultural characteristics,
poor ecological environment, or inconvenient traffic conditions.

5 Discussion

The spatial suitability evaluation of rural tourism development in Guizhou demonstrates
that not all areas are appropriate for rural tourism development. According to the degree
of suitability of rural tourism development, classification should adopt policy measures
to optimize the spatial layout and promote high-quality development of rural tourism.
This paper analyzes the spatial distribution, influencing factors, and suitability of rural
tourism in Guizhou. However, there are still some shortcomings: the sample of this paper
is the tourist villages recognized by the government, and other types of tourist villages
are not investigated; the suitability evaluationmodel constructed in this paper established
mainly based on the tourist villages in Guizhou, and the applicability of this model in
other regions still needs further verification.

Foundation. This article is supported by Youth Science and Technology Talents Growth Project
of General Universities of Guizhou Province (Qianjiaohe KY[2022] No. 320).
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Abstract. Coasts are the zone between the sea and the land, influenced by the
dual effects of the exchange of materials between land and sea. It is an important
reference for sea and land changes that reflect climate change and human activi-
ties. Monitoring shoreline changes has become an important task in the ecological
environment protection, economic development of the bay. In this paper, coastline
changes, bay area and shoreline characteristics of Bohai Bay in northern China
were investigated over a 40-year period usingmulti-dated Landsat TM/ETM satel-
lite image data from 1975 to 2015. The results show that the total coastline length
of Bohai Bay increased by 761 km in the past 40 years, but the bay area showed a
decreasing trend, which decreased by 18%; the artificial coastline showed a clear
increasing trend year by year, while the natural coastline change was relatively
weak and acutely disappeared, More than 95% of the coastline’s length was made
up of artificial coastline along Bohai Bay; the factors influencing the shoreline
change of Bohai Bay had significant temporal heterogeneity, and then the lead-
ing factor was the anthropogenic development activities (reclamation engineering
and port construction), mainly concentrated in the three key regions of Caofeidian
Port, Tianjin Port and Huanghua Port in Bohai Bay. With the expansion of devel-
opment and exploitation of marine activities, the impact of human activities on
the evolution of coastal zone is becoming more and more obvious, according to
an analysis of the change of the bay coast and the bay area under the influence of
hydrodynamic, sedimentary, and natural evolution environment. The study reveals
the characteristics and influencing factors of coastal change in Bohai Bay, which
can provide the necessary scientific basis for the development and construction,
comprehensive management and coastal environmental protection of the Bohai
Bay region.

Keywords: Bohai Bay · Remote Sensing · Coastline Change · Human
Activities · Reclamation Project
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1 Introduction

The coastline is the dividing line between sea and land [1, 2]. Several elements, including
human activity (reclamation, harbor projects, and so forth), sediment supply, sea level
changes, the hydrodynamic environment, and storm surges, are linked to both long-term
and short-term coastline alterations. Understanding the location of the coastline and its
erosion and accretion patterns throughout time is crucial [3–5].

In the study of coastal zones all over the world, such as in the analysis of land-
forms, coastal erosion, and shoreline change, satellite remote sensing technology has
been extensively used as a significant tool [6–13]. Further, because of their low cost,
remote sensing images are easy to access and understand. Thematic Mapper (TM) and
EnhancedThematicMapper (ETM+) imagery,which contains visible and infrared bands,
is frequently used for mapping changes to coastlines due to the absorption of infrared
wave-length area by water and its strong reflectance by soil and plant [6].

However, there is limited research on the long-term coastline changes in the entire
Bohai Bay. Therefore, in this paper, using the method of remote sensing and geographic
information system, nearly 40 years of coastline length changes, the bay area and Bohai
Bay coast properties change are analyzed based on the Landsat TM/ETM satellite data
of the entire Bohai Bay from 1975 to 2015 in order to provide necessary scientific basis
for coast environmental protection, development and management.

2 Materials and Methods

Bohai Bay (see Fig. 1) is a large semi-enclosed sea in northern China. It is connected
to Yellow Sea and the Pacific Ocean through a gap between Shandong Peninsula and
Liaoning Peninsula.

Bohai coastal economic zone is the main part sea passage of national development
plan “Circum-Bohai Sea Economic Circle” in north China, which brings rapid devel-
opment to the regional economy and urban construction along Bohai Bay. Sea area
reclamation engineering rapidly increases with social and economic development in
coastal zone of Bohai Bay over recent years. In the last decade, nearly 300 km2 of new
land have been created around the bay coast due to this coastal development. [14, 15],
which has made the coastline change of Bohai Bay and brought certain influence or
chain reaction to the hydrodynamic, water environment and sedimentary environment
of the bay.

Bohai Bay is surrounded by the provinces of Hebei, Tianjin, and Shandong, from
its northernmost point at the Daqing Estuary in Hebei to its southernmost point at the
LaoHuanghe Estuary in Shandong. On its more than 200 km of coastline, there are
approximately 15900 km2 of water [15]. Its coast type belongs to the typical silty gentle
slope coast. The bay’s average sea depth is 12.5 m, and Tianjin Port’s average tidal range
is 2.4 m.

Bohai Bay is located in mid-latitudes monsoon region and is close to the Mongolian
plateau. The climate characteristics have obvious continental. The average annual tem-
perature is 13.1 °C and there are 363.7 mm of rain on average per year. There are a few
rivers that flow into Bohai Bay from the west, but since the 1960s, the majority of rivers
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Fig. 1. The geographic location of Bohai Bay.

have significantly reduced the amount of sediment load reaching their estuaries due to
upstream damming. The bay is situated between the Yellow River Delta and the Luan
River Delta, and there are currently significant fluvial inputs.

The coastal region of Bohai Bay has gradually become one of China’s key eco-
nomic development areas. There are Caofeidian Port, Tianjin Port, Huanghua Port and
Dongying Port. In order to adapt to the rapid economic development and make up for
the shortage of land resources, large-scale land reclamation projects were carried out,
especially starting from the tenth five-year plan.

To determine coastline change in studied areas, series remote sensing images of
Landsat Multispectral Scanner (MSS), Landsat Thematic Mapper (TM), and Landsat
Enhanced Thematic Mapper (ETM +) were used in the present study. Each image was
acquired on different dates from 1975 to 2015. Landsat MSS image has four band and
78 m spatial resolution of pixel. Landsat TM image has pixel resolution of band 1, 2, 3,
4, 5, 7 in 30 m, ETM+ band 8 particularly in 15 m which were archived on the Global
Land Cover Facility server [16]. The properties of the images are given in Table 1.

An analysis of coastline change in the study sea area was conducted using remote
sensing and GIS technologies The satellite remote sensing image is mainly processed by
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Table 1. Information of the remote sensing images data.

Satellite Senor Track No Spatial Resolution(m) Acquisition Date

Landsat 2 MSS 122-33 78 1975-01-12

Landsat 5 TM 122-33 30 1984-09-10

Landsat 5 TM 122-33 30 1994-10-24

Landsat 7 TM 122-33 30 1999-12-09

Landsat 7 ETM 122-33 30 2000-06-10

Landsat 7 ETM 122-33 30 2002-05-31

Landsat 7 TM 122-33 30 2004-10-03

Landsat 5 TM 122-33 30 2005-04-13

Landsat 7 TM 122-33 30 2006-07-21

Landsat 7 ETM 122-33 30 2008-09-20

Landsat 7 ETM 122-33 30 2010-03-02

Landsat 8 ETM+ 122-33 30 2015-06-12

geometric fine correction, coordinate system and projection transformation, band com-
bination and radiation enhancement. The precision of geometric correction is controlled
within 0.5 pixels.

The coastline reflected by satellite remote sensing images is generally the instanta-
neous boundary line between sea and land at a certain time (i.e., water frontier). In the
identification of different types of coastline, water edge technology is mainly used. The
water boundary line of artificial coastline is relatively clear. After simple enhancement
treatment, artificial coastline is obtained through visual interpretation. Taking the high
tide line as the standard, the external boundary of impervious structure is as artificial
coastline.

In this paper, the bay area is the area surrounded by the mean low tide line and the
inlet gate line, namely the sea area between the theoretical base level and two headlands
of the bay.

3 Results

3.1 Varies with the Shoreline Length and the Bay Area

The Bohai Bay coastline from 1975 to 2015 is shown in Fig. 2. It can be seen from the
figure that the overall length of Bohai Bay coastline in the past 40 years shows a trend
of slight decrement, followed by a gradual increase.

Over the past 40 years, the coastline of Bohai Bay has grown by 761 km (Table 2),
thereinto the length of coastline around Bohai Bay decreased by 31km from 1975 to
1984, it increased by 83 km, 53 km, 105 km, 398 km and 153 km from 1984 to 1994,
from 1994 to 1999, from 1999 to 2005, from 2005 to 2010 and from 2010 to 2015
respectively.
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While the overall length of the Bohai Bay coastline has increased, the bay area has
been gradually decreasing and the rate of area reduction has gradually increased. In
1975, the bay area was about 11025 km2 and it was 9305 km2 in 2010, which was about
16% less than in 1975. But it reduced to 9016 km2 by 2015. Thereinto from 2005 to
2010, the rate of reduction was the fastest. The survey shows the increasing extent of
reclamation at this stage.

Fig. 2. Changes in the coastline of Bohai Bay.

3.2 Shoreline Attribute Change

From the perspective of the degree of shoreline artificialization, the Bohai Bay shoreline
was developed and utilized earlier. In the early stage, a large number of salt fields and
breeding ponds were built along the coast, which reduced the tidal flat area. In the
later stage, the reclamation was mainly carried out along the coast, which changed the
coastline shape and greatly reduced the tidal flat area.

As can be seen from Fig. 3, the whole artificial coastline of the research area shows
an increasing trend year by year. By 2015, the artificial coastline accounts for over 95%
of the total length, among which the artificial shoreline formed by port construction
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Table 2. Coastline length, bay area changes in Bohai Bay.

Year Coastline length(km) Variable quantity(km) Bay area
(km2)

Variable quantity
(km2)

1975 533 11025

1984 502 −31 10840 −185

1994 585 +83 10655 −185

1999 638 +53 10230 −425

2005 743 +105 9924 −306

2010 1141 +398 9305 −619

2015 1294 +153 9016 −289

accounts for about 26% of the total shoreline. So the artificial coastline has become the
main component of the Bohai Bay shoreline.

The natural shoreline is mainly around the estuary of part of the sea. The cardinal
number of natural shoreline is small and the variation is relatively weak. For example,
the old Yellow River Estuary which is located in the southern part of Bohai Bay entered
the sea in the early period (1964–1976). Due to a large amount of sediment deposited,
the sea from the Dakou River to the old Yellow River Estuary formed a large area of
tidal beach. Before 1975, this part of the coastline was largely unaffected by human
activities, and the coastal, seabed and surrounding geomorphology were basically in
a state of natural evolution. There were a large number of coastal wetlands, and the
coastline was dominated by natural shoreline. At that time, most of the coast of the
Diaokou Estuary was in the natural state and has a strong erosion, which is affected by
the natural environment conditions. The straight shoreline becomes a curved shoreline,
so the shoreline length was fluctuating. After 2005, due to the influence of artificial
exploitation and utilization, the natural shoreline was also gradually shrinking.

Fig. 3. Changes in different types of coastlines in Bohai Bay.
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4 Discussion

While waves, currents, and a variety of natural processes frequently affect the coastal
region, human activities like building coastal structures, dredging navigation channels,
and reclamation have also had a significant impact [4].

4.1 Sediment Source Change

The Bohai Bay sediment source is mainly from the river into the sea sediment. Along the
coast of Bohai Bay, there are many rivers, such as Jiyun River, Haihe River, Duliujian
River, Qihe River, Dakouhe River and so on. However, other river basins (apart from
Haihe River) are small, thus the influence on Bohai Bay is weak. In addition, the Yellow
River and Luan River on the edge of Bohai Bay also have certain influence on the
formation and evolution of Bohai Bay.

In this study region, the sediment load to the estuaries has reduced dramatically
because of upstream damming during the last few years. The Haihe supplied 6 × 106

t/a before a dam was built in 1958. In the past few years, the runoff of Haihe River was
respectively 729.9 × 108 m3 during the 1950s, 436 × 108 m3 during the 1960s, 100.9
× 108 m3 during the 1970s and about 22.7 × 108 m3 during the 1980s. The Haihe’s
sediment discharge decreased from 5213 × 104 t in the 1950s to 360 × 104 t in the
1970s [16]. The Haihe River currently supplies approximately 1.8 × 105 t/a, while the
Luanhe River supplies 2.7 × 107 t/a and Yellow River supplies 1.1 × 109 t/a [15]. The
suspended sediment flux of these rivers has decreased to only 10% of what it was in the
1950s.

The total length of the coastlinewas also extended by sediment deposition in estuaries
and sandbank extension as natural factors. However, the tidal flats expand at a slower
rate as sediment sources continue to diminish.

4.2 Hydrodynamic Factors

Hydrodynamic conditions, including rivers and oceans, are important factors in shaping
shoreline morphology and geomorphological features [1]. In this study, the coastal ero-
sion is relatively obvious near the waste Yellow River delta, namely the waters near the
Diaokou River. The coastal erosion of waste Yellow River delta is generally caused by
the marine dynamic effect (especially wave and storm surge). The length of the coastline
will be shortened due to coastal erosion as a result of an increase in the marine dynamic
impact under the conditions of river migration and reduced sea sediment [1].

In addition, the variation of modern climate and the rise of sea level will increase
the probability and intensity of storm surge disasters. Increased ocean dynamics such as
storm surges will undoubtedly increase the risk of coastal erosion. If the sea level rises
by 15 cm, the chance of storm surges will be about doubled [17]. The erosion effect of
storm surges on the coast has a certain degree of suddenness, locality and harm. The
storm surge affecting Bohai Bay is mainly temperate storm surges, which occur mainly
along the southern or southwestern coast of the Bohai Sea.
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4.3 Human Activities

Natural factors (sediment source and hydrodynamic factors) causing coastline change
were mainly sedimentation and erosion, and the change rate was small. The variation of
the Bohai Bay coastline length is closely related to the development and utilization of
coastal tidal resources.

The findings show that from 1975 to 2015, reclamation, the development of harbors,
and aquaculture ponds were the key human activities that led to changes in the coastline.
The land area of Bohai Bay increased by a net 880 km2 between 1975 and 2015, mostly
as a result of human development. The Caofeidain Port of Tangshan City, Tianjin Port
(or Tianjin Binhai New Area), Huanghua Port, Cangzhou Port and Binzhou Ports were
among the coastal areas that were reclaimed tomeet the needs of industry and commerce.

From 1975 to 2005, the land area of Bohai Bay increased slightly with an annual
average reclamation area of 7.74 km2. Since the 12th-Five-Year-Plan, the sea area recla-
mation in Bohai Bay stepped into a fast growth stage with an annual average reclamation
area of 129.8 km2 from 2005 to 2015. So human activity intensity is the main cause of
the Bohai Bay coastline variation.

5 Conclusions

This paper analyzes the long-term coastline change of Bohai Bay by using Remote Sens-
ing and GIS techniques in favor of facilitating rational planning, scientific management,
and suitable regulation of coastal zones. The main conclusions were as follows.

The length and component of coastline changed dramatically in Bohai Bay during
1975–2015. The total length of the coastline in the Bohai Bay increased by 761 km,
thereinto from 1975 to 1984, the length of Bohai Bay coastline decreased by 31 km,
and the coastline growth was fastest in the phase from 2005 to 2010 with a growth of
398 km. Furthermore, the artificial coastline as a whole shows a clear increasing trend
year by year. By 2015, the artificial coastline along the Bohai Bay coast accounted for
over 95% of the total coastline length, while the natural coastline variation was relatively
weak and disappeared acutely.

The Bohai Bay area has been gradually decreasing. In 1975, the bay area was about
11025 km2, while it was reduced to 9016 km2 by 2015.

The variation of the coastline length, bay area and coastline attributes of Bohai Bay is
closely related to the continuous development and utilization of coastal beach resources
by human beings. The factors affecting coastline change had significant temporal hetero-
geneity. The leading factor is anthropogenic development activities (reclamation engi-
neering and port construction), which is mainly concentrated in the three key regions of
Caofeidian Port, Tianjin Port and Huanghua Port.

However, this research has several limitations. Firstly, the study focused on the
extraction of the instantaneous waterline, but lacked tidal correction and verification of
accuracy. Second, the accuracy of shoreline extraction was not sufficiently verified.

Artificial shorelines are currently themainstay inBohaiBay, and the current extracted
shoreline changes are sufficient to characterize the changes in Bohai Bay over the past
40 years. Therefore, future studies should collect as much measured tidal level data as
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possible and correct the tidal level of the water’s edge. Verification of the accuracy of the
shoreline extraction will be achieved by using GPS data collected over the same period.
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Abstract. In recent years, the central government has invested in supporting 74
coastal zone renovation and restoration projects through sea area use funds, achiev-
ing a series of significant results. However, there are some problems such as a lack
of comprehensive planning, incomplete management systems, unscientific imple-
mentation plans for some projects, and delayed implementation progress as well.
Given the current progress and management status of coastal zone renovation
and restoration projects, the article recommends the marine administrative depart-
ments to establish a management system, strengthen project supervision during
and after the event, scientifically formulate and strictly implement renovation
and restoration plans, broaden funding channels for renovation and restoration
projects, innovate incentive mechanisms for renovation and restoration projects,
promote the informatization construction of renovation and restoration project
management, and proposed the ecological restoration concept of giving priority
to natural restoration to promote the construction of marine ecological civilization
and the development of marine economy in coastal areas.

Keywords: Sea Area and Coastal Zone · Renovation and Restoration ·Marine
Ecological and Environmental Protection

1 Introduction

The coastal zone is an important area of land sea interaction, containing abundant
resources, and is a special zone with themost active and frequent human socio-economic
activities. With the rapid development of the marine economy, the intensity of human
activities in the development and utilization of coastal zones is also increasing. In order
to protect the resources and environment of the sea area and coastal zone, the National
Oceanic Administration issued the “Several Opinions on Carrying out the Renovation,
Restoration and Protection of the Sea Area and Coastal Zone” in 2010, which pointed
out that “further strengthening the renovation, restoration, and protection of the sea area
and coastal zones, enhancing their environmental and ecological value and their sup-
port for the development of the marine economy.” The continuous implementation of the

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2024
C.-H. Weng (Ed.): ACEER 2023, LNCE 336, pp. 372–383, 2024.
https://doi.org/10.1007/978-981-99-5716-3_31

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-5716-3_31&domain=pdf
https://doi.org/10.1007/978-981-99-5716-3_31


The Progress and Management Suggestions for the Renovation 373

renovation, restoration, and protection of the sea area and coastal zones can not only pro-
mote the transformation of the development mode of the marine economy, improve the
ability of marine development, control, and comprehensive management, but also plays
an important role in suppressing the deterioration of the marine ecological environment
and promoting the construction of marine ecological civilization [1, 2].

The term “sea area and coastal zone renovation and restoration project” (hereinafter
referred to as “renovation and restoration project”) in this articlemainly refers to relevant
projects supported by the return of central sea area use funds.

2 Investment in Central Sea Area Use Funds

From 2010 to 2013, the Ministry of Finance and the National Oceanic Administration
refunded 1.67 billion yuan through sea area use funds, supporting a total of 74 renovation
and restoration projects [3–5], involving 11 coastal provinces and 5 state plan cities
(shown in Fig. 1 and Fig. 2), covering seven categories: beach restoration, returning
aquaculture to sea area, dredging, seawall restoration, landscaping, structural demolition
and renovation, and ecological restoration.

From the perspective of regional distribution, Shandong Province has the highest
number of approved projects, with a total of 13 projects, while Ningbo and Shenzhen
have the lowest number, with 1 project approved each. In terms of time span, in 2012,
there were a maximum of 36 projects approved nationwide, while in 2013, only one
project was approved. The single project with the most investment is the Bachimen
returning the seawall to the sea area project in Zhangzhou City, Fujian Province, with a
total approved sea area use funds of 70 million yuan, which is implemented over three
years.

Fig. 1. A figure shows the distribution of accumulated projects supported by sea area use funds
involving 11 coastal provinces and 5 state plan cities.
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Fig. 2. A figure shows the distribution of total accumulated investment of sea area use funds
involving 11 coastal provinces and 5 state plan cities.

3 Implementation of Renovation and Restoration Projects

The renovation and restoration projects reduce marine pollutants through pollution con-
trol, garbage removal, and the cleaning of abandoned and illegal aquaculture facilities
in the sea area [6–9]. Improve nearshore hydrological and dynamic conditions, enhance
self-purification capacity, and improve marine environmental quality through returning
aquaculture to sea area, returning aquaculture to beaches, seabed dredging, and bottom
quality improvement. Improve the ability to resist marine disasters and protect the safety
of life and property along the coast by building breakwaters for shore protection and
dredging, etc. Aim to create a coastal environment that is suitable for residents and
tourists to enjoy water, improve the overall quality of marine landscapes, improve liv-
ing environments, raise public awareness of marine ecology, and create a good social
environment through the construction of coastal landscapes such as hydrophilic plat-
forms, landscape corridors, and coastal squares. (The case effect after renovation and
restoration is shown in Fig. 3.)

It is estimated that after the implementation of all renovation and restoration projects,
a total of 188 km of coastline will be repaired, with a repaired coastal area of 58.76
million square meters, a dredging area of 11.57 million square meters, and a dredging
volume of 11.11 million cubic meters. The “Comprehensive Renovation and Marine
Environmental Protection Project of Beidaihe Sea Area” creatively proposed the “Cape
Bay Sandy Tourism Beach Ecological Restoration Model” of “Sand Dunes Beach Sand
Dams Submerged Embankments”, overcoming the problems of short beach life, loss
of beach self-sufficiency, and conflicts between beach maintenance projects and habitat
protection caused by traditional artificial beach maintenance models. The technical level
has reached the international level and leading position in China. The “Beidaihe Model”
has been created in the field of beachmaintenance and has been applied tomultiple beach
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Fig. 3. A figure shows the status of the beach renovation of Beidaihe Dapu River to Xinkai River
mouth section. The left is before and the right is after the renovation and restoration.

renovation and restoration projects, includingBeidaiheWestBeachBathhouse, Laohushi
Bathhouse, Expert Bathhouse, Langtao SandBathhouse, Donghai BeachBathhouse, and
so on.

4 Problems in Project Implementation

Through visits to relevant sea area management departments and project undertaking
companies, as well as on-site inspections of the implementation effectiveness of reno-
vation and restoration projects, some issues that cannot be ignored have been identified
and need to be addressed urgently.

4.1 Management System Needs to Be Improved

The coastal zone renovation and restoration project belongs to public welfare projects
itself, and the implementation of most projects will not change the natural attributes of
the sea area. It improves the infrastructure and ecological environment of the coastal
zone through renovation and restoration, and is a truly beneficial and popular project.
After the implementation of the project, the sea area still belongs to an open space,
without a specific owner of the sea area use rights, and will not be assigned to a certain
organization or individual.

The project undertaking companies reported that the project often confronts with
inspections from law enforcement agencies and requires relevant sea use procedures to
be handled during the implementation process. In addition, the renovation and restoration
project include many steps such as application, approval, supervision, and evaluation
acceptance. In the specific implementation of the project, it is necessary to apply for
project approval and handle relevant procedures such as planning, land use approval,
environmental impact assessment, and bidding. After the project acceptance, it is neces-
sary to accept government audits or entrust third-party audits. At present, there has been
no clear management measures introduced at the national level, and the construction
and management of project systems are disconnected. There is a lack of foundation for
management during the project promotion process.
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4.2 Insufficient Connection Between Some Projects and Related Planning

The National Marine Function Zoning (2012–2020) clearly requires: “to carry out the
renovation and restoration of the sea area and coastal zone. The focus is on the renovation
and restoration of the sea area and coastal zone where the natural landscape is seriously
damaged, the ecological function is degraded, the disaster prevention ability isweakened,
and the utilization efficiency is low. By 2020, the length of the completed renovation
and restoration coastline should not be less than 2000 km.“

Most of the renovation and restoration projects currently implemented are only for
part of the coastline and sea area. Comprehensive demonstration and analysis of the
entire regional environment is deficient, and an overall restoration system has not been
formed. Although the invested central sea area uses funds reached approximately 1.67
billion yuan, it is estimated that only 188 km of the coastline will be repaired after all
the renovation and restoration projects are completed. Compared to a large number of
damaged coastal areas, the renovation and restoration project is still in its early stages
and requires persistent long-term investment. After the investigation and survey, it was
found that some approved projects were not coordinated with special plans such as local
development planning, port planning, and tourism planning, which hindered the imple-
mentation of renovation and restoration projects. Thus, the project implementation plans
are required to be adjusted, which could not guarantee the predetermined renovation and
restoration effects.

4.3 Project Execution Progress Generally Lags Behind

At present, the execution progress of various projects generally lags behind the planned
time, mainly due to the following reasons:

Firstly, the designed implementation plan of some project is not comprehensive and
detailed, so that the expected results cannot be achieved after the project implementa-
tion. For example, the coastal sediment foundation factors are not considered in detail
in some projects, so that the original mudflat wetland are transformed into an artificial
beach, ignoring the importance of mudflat wetland protection. The detailed demonstra-
tion of the hydrodynamic characteristics of the ocean is not provided in some beach
restoration projects, and after a period of wave erosion and transportation, the effect of
sand replenishment is basically ignored.

Secondly, some project construction involves regional special planning adjustments,
demolition compensation, property rights disputes, etc., which has caused significant
resistance to the implementation of the project. The design or the use of funds are required
to be modified during the implementation process and resubmitted for approval, which
affects the progress of project execution.

Thirdly, some projects need to be approved by the development and reform depart-
ment during the implementation process, and the infrastructure procedures need to be
followed again. The budget needs to be reviewed by the finance department, which is a
long and inefficient process that affects the project execution progress.
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4.4 Project Fund Raising and Utilization Need to Be Strengthened

The current funding support for renovation and restoration projects ismainly based on the
return of central shared sea area use funds, lacking diversified funding support combining
local financial support and enterprise investment. The funding source is single and the
scale is limited, and the amount of funds for a single project is difficult to generate scale
effects, resulting in limited restoration results.

In addition, after the central financial funds are transferred to the account, the project
implementation progress is delayed, and there is a significant gap between the engineer-
ing estimates reported by some projects and the engineering budget at the time of project
implementation.

Moreover, due to the increase in labor wages, transportation prices, material prices,
and other reasons, the comprehensive cost of the project has changed, and the use of
funds needs to be adjusted, which cannot fully utilize the benefits of central financial
funds.

4.5 Low Social Participation

The public is both the user and protector of marine and coastal resources and environ-
ment. The current process ofmarine ecological renovation and restoration lacks publicity,
education, and positive interaction with the public. Before and after the implementation
of ecological restoration projects, the public’s opinions and the design of objection
expressions and rights relief procedures for relevant behaviors have not been fully lis-
tened to. Secondly, both national and local policy documents encourage the establish-
ment of diversified investment mechanisms for coastal zone comprehensive governance
and ecological restoration projects, but there is still great room for improvement in the
incentive mechanisms and models for social capital participation.

4.6 Lack of Evaluation and Transformation of Ecological Restoration
Effectiveness

At present, there is still no effectivemechanism for evaluating the performance ofmarine
ecological restoration. In terms of evaluating the effectiveness of ecological restoration
projects, the current focus is only on the evaluation of wetland vegetation restoration and
beach maintenance effects, lacking overall evaluation research on regional restoration
effects. It is difficult to determine whether the restoration requirements have been met in
practical work. At the same time, there is a lack of transformation work for ecological
restoration effectiveness. Currently, the evaluation of ecological restoration effective-
ness focuses on “quantity” rather than “price”, which makes the value after ecological
restoration unable to be reflected. This is not conducive to the realization of the value
created by ecological restoration, but also reduces the motivation for social participation
in ecological restoration.
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5 Management Suggestions

In order to strengthen the comprehensive management of the coastal zone renovation
and restoration project, improve the engineering quality and implementation effect of
the project, and promote the engineering progress and completion acceptance of the
project, the following suggestions are proposed regarding these problems above.

5.1 Improve Project Management System and Strengthen Full Process
Supervision

Improve project management rules and regulations based on the management needs of
different stages of the project. Introduce the “Key Directions and Project Application
Guidelines for Sea Area and Coastal Zone Renovation and Restoration “, standardizing
the key support directions and types of renovation and restoration projects, as well as the
project application process. Introduce the “Implementation Plan (Model) for Sea Area
and Coastal Zone Renovation and Restoration Projects” to standardize the content of
project implementation plan preparation, design focus of different types of projects, and
detail requirements of funding preparation, so that the overall project implementation
plan meets the requirements of project construction and bidding. Introduce the “Interim
Measures for theManagement of SeaArea andCoastal ZoneRenovation andRestoration
Projects”, clarifying the main responsibilities of marine administrative departments at
all levels and responsible companies in project management, planning and preparation,
project library construction, application and implementation management processes,
supervision and inspection, and acceptance management requirements.

After the project is approved, the project undertaking company shall comply with
relevant national regulations and requirements strictly, and entrust qualified survey and
design institutions to prepare preliminary designs to ensure the quality, content, and
depth of the preliminary designs. The construction, supervision, andmarine environmen-
tal monitoring institutions of the project, as well as the main materials for engineering
construction, must undergo public bidding. The bidding activities must be carried out
in accordance with the Bidding Law, Government Procurement Law, and other relevant
national bidding regulations strictly. The construction company must strictly implement
the relevant financial management regulations, comprehensively strengthen the man-
agement, supervision and inspection of the use of project funds, improve the efficiency
of fund use, and no company or individual shall occupy, misappropriate, or intercept
construction funds. During the project construction process, the construction company
should simultaneously carry out the project archive construction work, and the formed
archives should undergo archive acceptance. Those who have not undergone archive
acceptance or fail the archive acceptance shall not pass the completion acceptance of
the engineering project.

5.2 Prepare Scientifically and Implement Renovation and Restoration Plans
Strictly

According to the actual situation of serious damage to the natural landscape of the
coastal zone, degradation of ecological functions, and weakening of disaster prevention
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and mitigation capabilities in the process of sea area development and utilization, and
in combination with the requirements of coastal economic and social development and
environmental protection, as well as the actual needs of marine development, utiliza-
tion, protection, and comprehensive management, the renovation and restoration plan is
scientifically prepared according to the national and provincial marine function zoning,
and is in line with the urban and rural planning, infrastructure planning, water conser-
vancy planning, ecological environment planning coordinate and connect tourism special
planning, etc.

When planning a project, it is necessary to establish the concept of “regional ren-
ovation” for sea use, adhere to the overall approach of regionalization and integration,
break through the limitations of fragmented and scattered areas, and effectively connect,
reasonably layout, and plan scattered blocks as a whole. The plan should clearly propose
the renovation and restoration goals for coastal protection, beach resource restoration,
nearshore structure renovation, sea area dredging, coastal landscape beautification, etc.,
compile a list of renovation and restoration projects, propose coastline length and sea area
indicators for the renovation and restoration plan, and develop implementation guaran-
tee measures for the renovation and restoration plan. Once approved, the renovation and
restoration plan must be strictly implemented. The approval and all kinds of activities of
the renovation and restoration projects must be based on and comply with the plan for
the renovation and restoration of the sea area and coastal zone. Marine administrative
departments at all levels should coordinate and promote the renovation and restoration
work, strengthen planning supervision and inspection, prohibit arbitrary modification of
the plan, and effectively maintain the authority and seriousness of the plan.

5.3 Expand Funding Channels and Innovate the Operation Mode of Renovation
and Restoration

Increase the transfer payment of central and local financial sea area use funds, while
encouraging and guiding social funds to participate in the renovation and restoration of
sea area and coastal zones based on the principle of “whoever invests, who benefits”.
Research and explore market-oriented fund operation models for renovation and restora-
tion, establish diversified investment and financing channels, and form a sea area and
coastal zone renovation and restoration fund guarantee system led by government funds
and attracting social funds. Develop preferential policies for social capital investment in
renovation and restoration projects, comprehensively utilize measures such as reduction
and exemption of sea area use fees, and mobilize the enthusiasm and initiative of social
investment entities, sea area use rights holders, and local governments to participate in
sea area and coastal zone renovation and restoration.

Implementing differentiated management based on the source of project funds
(national financial funds, local financial funds, enterprise investment) and the nature of
the project (public welfare, semipublic welfare, and profit making) will help to compre-
hensively promote the renovation and restoration projects, and implement the renovation
and restoration goals proposed by the national marine function zoning.
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5.4 Promote the Informatization Construction of Renovation and Restoration
Project Management

On the basis of information security, according to the specific needs of the project
management process, develop and construct a project library and management decision
support system for coastal zone renovation and restoration [10–13].

The construction of project library mainly includes the basic information library, the
application information library, the inspection and acceptance information library, the
management information library and the policy specifications text library of renovation
and restoration projects.

Themanagement decision support platform includes an information release platform
and a management application platform, which comprehensively controls the applica-
tion, approval, implementation, inspection, acceptance, and other aspects of renovation
and restoration projects. It realizes functions such as browsing and querying, data sta-
tistical analysis, graphic output, and visual effect display of renovation and restoration
projects, rationalizes the efficiency of fund utilization, standardizes the implementation
of renovation and restoration projects, improves the timeliness of management decisions
and provides comprehensive information support.

5.5 Implement the Ecological Restoration Concept of Giving Priority to Natural
Restoration and Supplemented by Artificial Restoration

At present, due to the large amount of engineering, high investment in funds, and heavy
artificial traces, the restoration model mainly based on manual intervention has caused
severe disturbance to the original ecosystem. Therefore, natural restoration should be
prioritized and artificial restoration should be supplemented. Measures such as compre-
hensive water environment management, habitat improvement and biodiversity restora-
tion, vegetation thickening and restoration, as well as shoreline protection and ecological
restoration should be taken to enhance the self-purification and restoration capacity of
the ocean, and improve the ecological environment quality and function of bays and
islands. For natural wetlands that are densely connected, severely fragmented, and func-
tionally degraded, measures such as returning them to the sea, returning them to beaches,
and returning them to wetlands from cultivation should be taken to carry out restoration
and comprehensive renovation; For typical ecosystems such as coral reefs, mangroves,
seagrass beds, estuaries, bays, and islands, ecological conservation measures should be
taken, and technologies such as enclosure, microorganisms, seed banks, and animals
should be applied to ensure the safety of the ecosystem. Currently, how to implement
natural based marine ecological restoration projects requires specific consideration from
the degree of ecosystem degradation:

(1) Mild damage to the ecosystem, natural restoration is recommended.
When the degradation of natural ecosystems is not severe and the original system

structure and function are basically maintained, natural restoration methods should be
adopted. Most of these ecosystems are degraded or threatened by natural or human
activities. As long as these disturbances are eliminated in a timely manner, ecosystems
can recover on their own without the need for human intervention. In 2019, the United
States temporarily closed the Kahalu Bay Marine Park in Hawaii to ensure that coral
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breeding in the area was not disturbed by human activities, and it was opened to tourists
after the coral breeding period ended.Research has shown that human activities can affect
the fertilization process of coral sperm and eggs, posing a threat to coral reproduction.
For example, Thailand will close the Maya Bay Marine Park until 2021 to restore the
local coral reefs and surrounding ecological environment. Before the closure of Maya
Bay, up to 5000 people visited every day. The garbage, pollution, and debris caused by
these tourists damaged four fifths of the coral around the island, which grows about half
a centimeter per year, indicating that recovery may take a long time.

(2) Moderate damage to the ecosystem, appropriate manual intervention.
When a natural ecosystem undergoes degradation or damage, and its own structure

and function undergo significant changes that cannot be self-restored, artificial restora-
tion measures need to be implemented to assist in the restoration of already degraded,
damaged or destroyed ecosystems. For example, Shanghai Chongming Dongtan Wet-
landRestoration. Since the first discovery of Spartina alterniflora inChongmingDongtan
in 1995, the plant has gradually settled and rapidly spread in Dongtan, excluding local
plants such as reeds. The area where Spartina alterniflora grows is difficult for birds to
enter for food, and there are very few benthic animals, seriously damaging the biodi-
versity of Dongtan wetland. Therefore, it is necessary to harness and control Spartina
alterniflora through human means, and restore damaged wetland habitats.

When implementing artificial intervention, it is necessary to explore natural restora-
tionmeasures with the ultimate goal of improving the self-recovery ability of the original
ecosystem, avoiding the construction of landscape engineering unrelated to ecosystem
functions, such as using natural materials to build ecological seawalls, breeding and
planting local vegetation, etc. These all require us to fully learn and learn from for-
eign related restoration projects, and strengthen our own research and development of
restoration science and technology.

(3) Severe damage to the ecosystem, suitable for ecological reconstruction.
When the natural ecosystem is excessively damaged and the biological habitat is

on the brink of destruction, and it is no longer possible to restore the original ecosys-
tem through artificial restoration methods, ecological reconstruction is necessary. For
example, the San Francisco Bay Wetland Construction Project in the United States. San
Francisco Bay has a large area of intertidal zone wetlands with diversified habitats in
history. In the past 150 years, serious wetland reclamation has led to large-scale loss
of wetlands. Therefore, wetlands can only be restored through artificial reconstruction
methods. In order to restore the ecological function of the San Francisco Bay coastal
wetland, the wetland reconstruction project focusing on the artificial supply of sedi-
ment (dredged mud) was implemented. The design of habitat also simulates the natural
intertidal zone wetland, which can be said to fully implement the concept of ecological
restoration based on nature. Through the wetland reconstruction project, the wetland
area of San Francisco Bay in the United States has been expanding, and the wetland eco-
logical function has been significantly restored, which has become a model for wetland
restoration around the world.
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6 Conclusion

The degradation of marine ecosystems is a common problem faced by various parts of
the world, and the renovation and restoration of marine and coastal zones has become a
hot topic in marine ecology and oceanography research. China is a major maritime coun-
try, and the renovation and restoration of its maritime and coastal zones is an important
way to alleviate and improve the degradation of China’s marine ecosystem, as well as an
important lever for promoting ecological civilization construction. The Chinese govern-
ment attaches great importance to ecological restoration work, and in the report of the
18th National Congress of the Communist Party of China, it proposed “increasing efforts
in natural ecosystem and environmental protection” and “implementingmajor ecological
restoration projects”; The report of the 19th National Congress of the Communist Party
of China clearly and reiterated the strategic policy of “implementing major projects for
the protection and restoration of important ecosystems”. Since 2010, projects such as
the renovation, restoration, and protection of sea areas, islands, and coastal zones funded
by the central government have gradually been implemented, and the number of eco-
logical restoration projects in coastal areas has been continuously increasing. However,
compared with advanced countries in marine ecological restoration, China’s marine
ecological restoration work started relatively late, with less practical work, and there
is still insufficient research and experience summary on marine ecological restoration
technology.

The renovation and restoration of the sea area and coastal zone is a complex system-
atic project that requires unified planning, management, and coordination. It is recom-
mended to focus on the management and research of renovation and restoration in the
future, strive to control the trend of ecological environment deterioration in the coastal
zone, protect high-quality beaches and natural coastline resources, restore the service
functions of some important ecosystems such as typical coastal wetlands and bays, and
improve the value of the sea area and coastal zone resources.
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Abstract. Vessel train has emerged as an innovative mode of transport organiza-
tion and also as an intelligent ship-navigating technique. In this paper, we focus
on the economic efficiency of vessel train for inland shipping and analyze the
influence factors of economic efficiency. Based on the current situation of inland
waterborne transport in China, we build an economic argumentation model for
vessel train in inland waterways. Then, a case study is performed for the fairway
along the Yangtze River trunk line that extends from Wuhan to Shanghai in the
middle and lower reaches. The economic efficiency of the vessel train is estimated,
and a sensitivity analysis is conducted for crew salary, identified as an important
influence factor of economic efficiency. The results show that intelligent platoon-
ing cannot dramatically reduce the operating cost of vessel train under the current
average crew salary in China. But as the crews’ salary continues to rise, vessel
train is bound to have a bright prospect in the future.

Keywords: Inland Waterways · Vessel Train · Economic Argumentation

1 Introduction

Vessel upsizing has met obstacles in recent years. In this context, to reduce the crew cost
of inland vessels, the NOVIMAR project in Europe launched a large-scale coordinated
vessel platooning program and proposed the concept of vessel train in 2017. This novel
concept has revolutionized inland waterborne transport and ship manning practice [1].

A vessel train is composed of a fully manned lead vessel and a number of less
manned or unmanned follower vessels. The lead vessel may be specifically designed
for navigational purpose only or working as a container vessel itself. Equipped with
navigation and control system, the lead vessel can track the status of the follower vessels,
which are lowly manned or unmanned and travel along the route set by the lead vessel.
The follower vessels may join or leave the vessel train near the place of departure or
destination. Although the follower vessels retain their own maneuvering ability, they
primarily follow the lead vessel through coupling and requires less or no manpower.

The transfer of navigational tasks from the follower vessel to the lead vessel enables
crew size reduction. Especially on smaller vessels, crew cost can make up to 60% of the
operating cost of a vessel [2]. Whether the vessel train can operate depends on whether
it is economically superior to existing ships. The operation of vessel train requires to the
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construct a network, and the economic cost is different for different operation modes
and networks. Such methods have been studied by Ramaekers et al. (2017) specifically
for the application of multimodal barge networks on inland waterways [3]. Colling and
Hekkenberg (2020 and 2021) additionally address the waiting time created by the vessel
train implementations, as well as the vessel train benefits created by exploiting different
operating modes and the effects of imposing a vessel train operating speed [4, 5]. In
this paper, the economic evaluation model of ships participating in the vessel train is
constructed, and the conditions to be met for vessel train operation in the middle and
lower reaches of the Yangtze River are calculated.

2 Analysis on the Influence Factors of Economic Efficiency
of Vessel Train

The economic efficiency of vessel train for inland shipping mainly depends on whether
the reduction in crew cost is equivalent to or greater than the increment of costs due to
onshore management of the vessel rain. The reduction in crew cost due to the concept
of vessel train is mainly affected by two factors: average crew salary and number of
vessels joining the vessel train. The increment of costs due to onshore management
of vessel train mainly comes from shore-based control and installation and running of
an onshore management and operation center for the vessel train. Besides, navigation
conditions, such as waterway network density, locks, and low water period, can also
affect the operational efficiency and hence the economic efficiency of the vessel train.

2.1 Manning Requirements and Salary

The manning requirements vary with the type and tonnage of vessels. The higher the
number of senior officers assigned to the vessels joining the vessel train, the greater the
reduction of labor costs due to unmanning or low manning level. Besides, the higher the
average crew salary, the greater the reduction of the crew cost by joining the vessel train.
China has experienced rapid economic and social development and a constant increase
in labor costs in recent years. Crew cost has become an important influence factor of
economic efficiency of inland vessels. It can be expected that the average crew salary
will continue to rise in the future.

2.2 Number of Vessels Joining the Vessel Train

Vessel train represents a brand new method of organizing inland waterborne transport
and cannot completely replace the existing transport mode involving a single vessel.
Two preconditions to achieve an efficient operation of vessel train are described as
follows: First, a sufficient number of vessels is needed to compose a vessel train with an
appropriate density. It is only under this circumstance that the vessels can more easily
join the platoon without waiting for too long. Second, given the increment of costs due
to shore-based control of the vessel train and the installation of an onshore management
and operation center, the higher the number of vessels joining the vessel train, the lower
the unit cost.
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2.3 Navigation Environment

The longer the operable waterway mileage, the longer the time that the vessels travel
in platooning and the greater the cost reduction. With more vessels joining the vessel
train, a longer operating mileage will lead to higher shift density of the vessel train and
shorter time spent in waiting for the follower vessels to join.

Waterway’s degree of networking and accessibility have an impact on the compet-
itiveness and freight demand of inland shipping, which further affects the economic
efficiency of transport via vessel train.

Locks are bottlenecks restricting the navigation in inland waterways. Due to the
limited size of the lock chamber, only a few vessels pass through the locks at a time. The
vessel train has to be disassembled temporarily to pass through the locks one by one.
For this reason, vessels that have already passed the lock need to wait for those that have
not yet passed through the lock. The vessels are reassembled again when all of them
have passed the lock. This process increases the operating time of the vessel train and
reduces the transport efficiency. The navigation environment in and out out of the lock
chamber is relatively complex, which makes automation difficult. In that situation, the
vessels have to be navigated separately when passing through the locks.

The operating efficiency of the vessel train is also affected by suspension of
navigation in dry season.

2.4 Operating Business Model

A vessel train can be assembled entirely by a single shipping enterprise and only com-
posed of vessels controlled by this enterprise. Vessel platooning is expected to bring
about a reform of transport organization within the enterprise. A third-part service plat-
form or industry alliance provides another pathway to assemble a vessel train, which
is usually composed of vessels owned by several smaller enterprises. The operating
costs vary with the operating business model. If a vessel train is to be built by a single
enterprise, the time of vessels’ arrival and departure can be arranged more conveniently,
thereby increasing the overall transport efficiency. But if a vessel train is composed of
vessels owned by different enterprises, coordination of vessels entering and leaving the
port poses a greater challenge. If too many vessels are moored in a port at the same time,
the resulting waterway congestion will lower the operating efficiency of the vessels.
Furthermore, it is more difficult to coordinate vessels entering and leaving the port if
they are owned by different enterprises. This will increase the waiting time and reduce
the operating efficiency of the vessel train.

3 Current Situation of Inland Shipping in China

In the newcentury,China hasmade tremendous progress in inland shipping infrastructure
construction, transport vessels, and transport organization. There has been a development
trend towards upsizing, standardization and professionalization in the inland shipping
sector. By the end of 2020, the average net deadweight tonnage of inland motor cargo
vessels was 1443 tons in China, which was 18.4 times that of the value in 2000. This
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indicates a striking advance made in the safe and green ship technologies. The organi-
zational models of inland waterborne transport, including river-sea combined transport
and river-sea through transport, have been continuously optimized. Up to now, China
has established a specialized transport system consisting of coal, oil, ore, and container
transport and rolling transport. In 2020, China’s container throughput of inland water-
way ports reached 30.009 million TEU. In the same year, China’s inland water freight
volume reached 3.815 billion tons, making China the country with the highest demand
for inland shipping in the world [6].

3.1 Manning Requirements and Crew Development

The current manning requirements for inland vessels are laid out based on the “Notice
on Revising Appendix 3 of the Regulations for the Minimum Safe Manning of Ships
of the People’s Republic of China”, issued by the Ministry of Transport in 2018. The
2018 edition of the manning requirements permits a differentiation of manning limit
for inland vessels. For general navigable inland waters and general vessels traveling in
such waters in China, the number of ordinary crews can be reduced as appropriate while
maintaining the number of captains and senior officers constant. There has been a trend
towards reduced manning in the inland shipping sector. As for the manning of “couple
vessels”, the minimum safe manning level is reduced to 2, according to the 2018 edition
of the manning requirements. After the update, the manning requirements have come
much closer to the real-world situation of inland shipping. As shown in Table 1.

China’s economic and social development has caused the labor costs of ordinary
employees to rise in recent years. This trend also applies to crews working on inland
vessels, as shown in Fig. 1. In addition to the rising labor costs, the inland shipping
sector is also faced with the problems of population aging, labor shortage, and low com-
prehensive quality of the crews. The attractiveness of vessel crew jobs can be improved
by raising crew salary and improving their working environment. As shown in Fig. 1.

Table 1. Minimum safe manning levels in China.

Deck department of inland vessels: General specifications for general vessels

Gross
tonnage

3000 tons and
above

1000 tons and
above and
below 3000
tons

600 tons and
above and
below 1000
tons

300 tons and
above and
below 600
tons

100 tons and
above and
below 300
tons

General
specifications

One captain,
1 first mate, 1
second or
third mate,
and 1
ordinary crew

One captain,
1 first or
second mate,
and 1
ordinary crew

One captain
and 1 driver

One captain
or driver (1
captain and 1
ordinary crew
for container
vessel and
multipurpose
vessel)

One captain
or driver (1
captain for
container
vessel and
multipurpose
vessel)

(continued)
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Table 1. (continued)

Additional
stipulation

If the
uninterrupted
time of
voyage is
longer than
16 hours, one
more second
or third mate
and one more
crew should
be onboard.

If the
uninterrupted
time of
voyage is
longer than
16 hours, one
more third
mate should
be onboard.

If the
uninterrpted
time of voyage
is longer than
16 hours, one
more driver
should be
onboard. If the
uninterrpted
time of voyage
is no longer
than 10 hours
or the mileage
of fixed-route
navigation is
no longer than
100 km, the
vessel is
exempted
from
employing one
more driver
onboard.

If the
uninterrupted
time of
voyage is
longer than 10
hours, one
more driver
should be
onboard.

If the
uninterrupted
time of
voyage is
longer than
10 hours, one
more driver
should be
onboard.

Engineering department of inland vessels: General specifications for general vessels

Host power 500 kW and
above

150 kW and
above and
below 500
kW

75 kW and
above and
below 150 kW

General
specifications

One engineer
and one first,
second or
third engineer

One captain
or engineer

One ordinary
crew

Additional
stipulation

If the
uninterrpted
time for
navigation
operation is
longer than
16 hours, one
more ordinary
crew should
be onboard.
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Fig. 1. Complex labor salary index for crewsworking inYangtzeRiverwaterway. Source:Yangtze
River Shipping Development Report

3.2 Freight Volume and Composition of the Vessel Train

In 2020, China’s inland waterway freight volume was 3.815 billion tons and the inland
waterway freight turnover was 1593.754 billion ton kilometers. Inland waterway freight
turnover accounted for 8.1% of total freight turnover [7]. Cargoes transported by inland
waterways mainly include dry bulk, break bulk, containers, and liquid bulk. Dry bulk
accounts for the largest proportion of all cargoes transported by inlandwaterways, which
is over 70%. Specifically, minerals and building materials account for about 30%, coal
20%, metallic ores 14%, non-metallic ores 5%, and cereals 2%. Iron & steel and cement
collectively account for 16% of the break bulk cargo. Container transport has experi-
enced the fastest development among all transport modes, accounting for 8.5%. Liquid
bulk cargo, such as oil, natural gas, and their products, accounts for about 3%. As to
geographical distribution, inland waterway freight volume is mainly concentrated in the
Yangtze River system (Beijing-Hangzhou Grand Canal included). In 2020, the inland
waterway fright volume of 14 provinces and municipalities located in the Yangtze River
systemcollectively reached 3.12 billion tons, and the freight turnoverwas 1423.67 billion
ton kilometers. They accounted for 81.9% and 89.3% of the national inland waterway
freight volume and the national freight turnover, respectively [8].

By the end of 2020, China had a total of 115 thousand inland vessels with a dead-
weight tonnage of 137 million tons. Among them, there were 106.1 thousand motor
cargo vessels with a deadweight tonnage of 130 million tons. The total deadweight
tonnage of motor cargo vessels accounted for as high as 95%. Therefore, motor cargo
vessels are the most important components of China’s inland vessel platoon [9]. Given
the types of cargoes most commonly transported, general cargo vessels (dry bulk carriers
and multipurpose vessels) accounted for the largest proportion of all inland motor cargo
vessels. Their total deadweight tonnage accounted for over 95%. By contrast, the total
deadweight tonnage of container vessels only accounted for 1.3%. This is because inland
vessels are mostly of an open type. Containers that account for a larger proportion of all
cargoes are usually transported by multipurpose vessels. The total deadweight tonnage
of oil tankers only accounted for 1.4%.
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3.3 Navigation Environment

China’s inland shipping activities are mainly concentrated in two regions, namely,
Yangtze River system (Beijing-Hangzhou Grand Canal included) and Pearl River sys-
tem. The main fairways in these two waters are the Yangtze River trunk line, Beijing-
Hangzhou Canal, and West River trunk line. The Yangtze River trunk line extends from
Shuifu, Yunnan to the Yangtze River estuary, with a navigable mileage of 2838 km. The
standard-reaching rate of dredging depth is 100%. The ship lock of the Three Gorges
Dam is located in Yichang in the upper reach, and there are no other ship locks on the
entire route. The Beijing-Hangzhou Grand Canal extends from Liangshan, Shandong to
Hangzhou, Zhejiang, with a length of 1052 km. The Canal is featured by small water
level changes and has 19 locks altogether, running through several water systems, includ-
ing the Yellow River, Huai River, Yangtze River, and Qiantang River. The West River
trunk line extends from Nanning, Guangxi to the Pearl River estuary, with a navigable
mileage of 786 km. However, the West River trunk line is facing new bottlenecks due
to the large number of shoals along the fairway from the lower reach of the Changzhou
water conservancy hub to Zhaoqing. It has 9 locks already built and 2 locks currently
under construction.

3.4 Composition of Business Entities on the Market

The business entities in China’s inland shipping sector are of various sizes and types.
There are about 4800 inland shipping enterprises and more than 10 thousand self-
employed entrepreneurs. Dry bulk transport organization is less centralized and the
market concentration level is low due to scattered sources of goods (typically ores and
building materials). Nevertheless, large cargo owners of metallic ores and coal, such as
Anshan Iron and Steel Group Corporation, usually have their stable transport fleets. Con-
tainers are transported by liners, and the level of organizational centralization is higher.
Besides, containers are usually transported by inner branch lines of international routes.
The main enterprises organizing container transport include Shanghai International Port
(Group) Co., Ltd., Shanghai Panasia Shipping Co., Ltd., and Sinotrans. The transport
of liquid bulk (typical dangerous goods, such as oil) is heavily influenced by China’s
macro-control policies for transport capacity. The level of market concentration is higher
for the transport of liquid bulk than that for dry bulk. There are 154 enterprises engaged
in interprovincial transport of dangerous liquid bulk in the Yangtze River system. Most
of them are private-owned enterprises. Enterprises controlling more than 20 vessels are
still small in number.

4 Building an Economic Argumentation Model for Vessel Train

4.1 Purpose of Building the Economic Argumentation Model

Operating revenue and operating cost are two major influence factors of economic effi-
ciency of waterborne transport. The former primarily depends on the unit price of trans-
port and annual number of voyages. In the case of vessel train, it takes time to wait for
follower vessels to enter and leave the port or pass through the locks. The operating
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efficiency is lowered as the waiting is prolonged. The operating costs mainly consist
of the following parts: investment in fixed assets, fixed costs (crew cost, lubricant and
material costs, and management fee), and variable costs (fuel cost and port charges).
Crew cost can be lowered by joining a vessel train, but there may be changes in fuel cost
as the voyage time increases and the traveling speed changes.

For a vessel train to be economically efficient, the following conditions should be
met:

(1) The freight rate of the vessel train is lower than or equal to that of a single vessel;
(2) The reduction of crew cost by joining the vessel train is at least equal to the sum

of the increment of all costs due to joining the vessel train and the revenue reduction
due to the decrease in operating efficiency.

As long as the traveling speed and the length of the operating fairway meet the
actual operating demands of transport agencies, a vessel train is economically efficient
if it satisfies the above conditions. The value ranges of the following indicators are
estimated by sensitivity analysis, so as to determine the survival boundary of the vessel
train.

(1) Total time spent in waiting for follower vessels to enter and leave the port and
pass through the locks in a single voyage;

(2) Acceptable platform management fee paid for joining the vessel train.

4.2 Main Parameters and the Calculation Method for Financial Evaluation
Indicators

When a shipping enterprise invests in vessels that joins a vessel train and performs
a financial evaluation of the vessel investment project, the main parameter involved
in estimation is the annual number of voyages in platooning, which is different from
the situation of investing in vessels not operating in platooning. Without considering
cargo supply organization, the annual number of voyages depends on the navigation
environment. The main parameters involved in estimating the annual number of voyages
are the traveling speed and the round voyage time of the vessel train.

Vvt = d
d

ϑvt
+ tp&l

N = T
dvt
Vvt

+ do
vo

+ tp

Vvt : Traveling speed of the vessel train;
vo: Traveling speed of the vessel in self-navigation;
d : Distance covered by the vessel train along the fairway;
do: Distance covered by the vessel in self-navigation;
ϑvt : Traveling speed of the vessel train;
N: Annual number of voyages;
tp&l : Sum of time spent in waiting for follower vessels to enter and leave the vessel

train and pass through the locks;
dvt : Distance covered by the vessel in platooning;
tp: Time spent in port operation;
T : Annual number of days in operation.
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4.3 Main Economic Evaluation Indicators

For economic argumentation, themain evaluation indicators include financial net present
value (FNPV), financial internal rate of return (FIRR), and payback period (Pt) [5].

FNPV is defined as the summation of all present values of a series of payments and
future cash flows under the specified discount rate (typically the benchmark yield i). The
pre-tax and after-tax net present values can be calculated as follows:

NVP =
n∑

T=1

(
P

F
, i, t

)
× (CI − CO) − P

where P is the initial investment, which is the ship price;
CI is the cash inflow;
CO is the cash outflow;
i is the benchmark yield;
n is the number of years in the calculation period.
Payback period (Pt) is the length of time it takes to recover the cost of an investment,

usually in the unit of year. Pt is calculated as follows:

Pt∑

t=0

(CI − CO)t(1+ ic) = 0

FIRR is the discount rate for which the net present value (NPV) equals zero in the
calculation period of the project. That is, FIRR as a discount rate makes the equation
below holds true:

n∑

t=1

(CI − CO)t(1+ FIRR)−t = 0

Typical required freight rate (RFR) is the minimum cargo rate which the shipowner
has to charge the customer just to break even. As a composite economic indicator, RFR
is given below:

RFR = P
(A
P , i,N

) + Y

Q
or

RFR = (Y− S2 + P

(
A

P
, i,N

)
− RL(

A

F
, i,N)

Y = S1 + S2 + S3 + S4 + S5 + S6 + S7 + S8 + S9

where Y is the annual operating cost;
RL is the salvage value of the vessel after depreciation;
S1−S9 are crew salary and other, annual depreciation expense, annual maintenance

cost, annual premium, annual fuel cost, annual lubricant cost, annual material cost,
annual port charge, annual management fee and other, respectively.

Since joining the vessel train requires an initial investment and increases the man-
agement fee, FNPV, Pt and RFR are evaluation indicators with weak comparability in
this scenario. Given the above, the parameters are estimated under a constant FIRR.
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5 A Case Study of Estimating the Economic Efficiency of the Vessel
Train

5.1 Main Parameters Involved in the Estimation

Based on comprehensive consideration of the navigation environment of China’s major
inland waterway networks and the current size of inland waterborne transport market,
we perform a case study of economic efficiency estimation of vessel train by choosing
the fairway extending from Wuhan to Shanghai in the middle and lower reaches of the
Yangtze River trunk line. That is, the route segment extending from Yangluo Port in
Wuhan to Waigaoqiao Port in Shanghai to be covered by the vessel train is the route
chosen for estimating the economic efficiency of the vessels joining the vessel train. The
main parameters involved in the estimation are shown in Table 2 and Table 3.

Table 2. Main parameters involved in the estimation.

Container capacity 494TEU Cost 30 million RMB

Annual number of
days in operation (T)

330 days Insurance premium 0.5% of the ship
price

Traveling speed of
vessel through
self-navigation (vo)

16km/h upstream
21km/h downstream

Management fee 2% of freight
revenue (tax
included)

Time spent in port
operation (tp)

48h Repair cost 2% of the ship price

Average freight rate
of empty containers

450 yuan/TEU Fuel cost 4500 yuan/ton

Load rate 60% upstream
70% downstream

Lubricant and material
costs

4% of fuel cost

Depreciation period 15 years Crews 9 people (150
thousand
yuan/person/year)

Salvage value 10% Interest rate 5.5% ( capital ratio
of 30%)

Number of years of
evaluation

15 years Tax rate 25%/9%/13%

Table 3. Main operating parameters of the vessel train.

Traveling speed of the vessel train (ϑvt) 15km/h upstream
18km/h downstream

Sum of time spent in waiting for follower vessels to
enter and leave the vessel train and pass through the
locks (tp&l)

8h (no need to pass through the locks)
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5.2 Results of Financial Evaluation

China’s inland shipping enterprises are of differentiated sizes and shipping capacities,
and there is barely any large-scale leading enterprise in this sector. Therefore, it is beyond
the capacity of any single enterprise to build a vessel train on its own. Rather, a third-
party operating platform is more suited to China’s current situation of inland shipping.
The operating costs of vessel train have been estimated by NOVIMAR, which shows
that with the costs of office space, software upgrading, and shore-based personnel and
a reasonable profit margin considered, the annual revenue from running an operating
platform is about 40 million RMB. Suppose that 20 vessel trains are run, with each
joined by 8 follower vessels. Then, the annual management fee paid by owners of the
follower vessels is about 250 thousand RMB. Besides, each follower vessel needs to
purchase a control system, which costs about 800 thousand RMB. As for the reduction
of crew costs, three additional crews should be onboard apart from the initial six if the
uninterrupted time of voyage is longer than 16 h, according to themanning requirements.
But by joining a vessel train, a follower vessel is allowed to have only 3 crews onboard.

The results of financial evaluation for not joining the vessel train are shown in Table 4
and Table 5.

Table 4. Financial evaluation for not joining the vessel train.

Total return on investment (after-tax) % 6.46%

Return on equity % 24.78%

Financial internal rate of return of the project (after-tax) % 11.30%

Financial net present value of the project (after-tax) Ten thousand yuan 387

Payback period of the project (after-tax) Year 7.79

Financial internal rate of return of the project % 23.70%

Table 5. Financial evaluation for joining the vessel train.

Total return on investment (after-tax) % 5.77%

Return on equity % 20.81%

Financial internal rate of return of the project (after-tax) % 10.31%

Financial net present value of the project (after-tax) Ten thousand yuan 226

Payback period of the project (after-tax) Year 8.26

Financial internal rate of return of the project % 21.21%

Joining a vessel train requires an initial investment, and the shipowner has to pay
the annual management fee. While the decrease in traveling speed and the time spent in
waiting reduce the vessel turnover rate, the crew and fuel costs go down. The results of
financial evaluation for vessel investment in the above case are presented below.
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With other conditions unchanged, as the average crew salary increases to 235 thou-
sand yuan per person per year, FIRR is the same by joining or not joining the vessel
train, and it decreases to 8.47% in either situation.

5.3 Sensitivity Analysis

Crew salary and Management Fee. With FIRR unchanged and the initial invest-
ment in the control system being 800 thousand yuan, we estimate the acceptable annual
management fee to be paid by shipowners under variable average crew salary.

Next, we estimate the annual management fee under a constant after-tax FIRR as
the average crew salary increases from 200 to 220 and 240 and finally to 300 thousand.

We also estimate the annual management fee under a constant FIRR of 8.47% as the
average crew salary increases from 200 to 300 thousand, as shown in Table 6.

Table 6. Crew salary and changes in management fee.

Crew salary
Changes in crew
salary

Management fee
(Unit: ten thousand yuan)

−3.5 20 72.5

−1.5 22 59.5

0 23.5 50

+0.5 24 46.5

+2.5 26 33.8

+3.5 28 20.6

+5.5 30 7.8

It can be seen from the above calculations that as the average crew salary increases
from 200 thousand to 300 thousand per year per person, the annual management fee
decreases from 725 thousand to 78 thousand yuan per year under the constant FIRR of
8.47%.

Crew Salary and Acceptable Time Spent in Waiting for Follower Vessels to Enter
andLeave thePort andPassThrough theLocks. Suppose that FIRR remains constant
and the initial investment in the control system is 800 thousand yuan. We estimate the
total time spent in waiting for follower vessels to enter and leave the port and pass
through the locks in a single voyage under variable average crew salary.

As the average crew salary increases from 200 to 220 and 240 and finally to 300
thousand, we estimate the total time spent in waiting for follower vessels to enter and
leave the port and pass through the locks in a single voyage under a constant after-tax
FIRR, as shown in Table 7.
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Table 7. Crew salary and changes in waiting time.

Crew salary
Changes in crew
salary

Total time
(Unit: hour)

−3.5 20 11.75

−1.5 22 9.55

0 23.5 8

+0.5 24 7.45

+2.5 26 5.4

+3.5 28 3.35

+5.5 30 1.4

It can be seen from the above calculations that as the average crew salary increases
from 200 thousand to 300 thousand per year per person, the acceptable total time spent
in waiting for follower vessels to enter and leave the port and pass through the locks in
a single voyage decreases from 11.75 h to 1.4 h under the constant FIRR of 8.47%.

6 Conclusion and Suggestions

China’s inland shipping sector has the capacity and the potential to build a vessel train,
given the current number of vessels available to join and the traffic density of inland
waterways. Besides, platooning improves voyage safety, especially in waters with higher
traffic density, such as the Yangtze River trunk line. But according to the estimation
from the economic argumentation model, it is still hardly possible to dramatically cut
down the operating cost through intelligent platooning under the current crew salary in
China, compared with the case of the Rhine River. Besides, Chinese inland waterway
crews usually have to work long, uninterrupted hours onboard, resulting in a higher
vessel utilization rate. This situation stands in stark contrast to long hours of suspension
for vessels on the Rhine River (typically 10 h per time). Another major obstacle to
building a third-party shore-based control platform for vessel train in China lies in the
low centralization level of business entities and cargo supply organization in the inland
shipping sector. Nevertheless, vessel train is expected to have a bright prospect as the
crew salary and crews’ living standard continue to rise.
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Abstract. In this paper, different turbulence models are researched by simulating
a non-reactive swirl flow of the non-premixed cyclone burner in comparison with
the experimental results. Based on the velocity analyses, obvious recirculation
zone (CRZ) and jet zone (SJ) exist in the experiments and influences the swirl flow.
However, the laminar flow model, SST k-w, standard k-w cannot simulate these
two vital regions as same accurate as theRNGmodel, especially for the declination
angles. Comparing the axial velocity curve and tangential velocity curve, axial
velocity and tangential velocity peaks and trough position and velocity magnitude
of the RNG k-ε model are the closest to the experimental results, which can fully
predict the swirl characteristics. The structure of the vortex is fully represented
by RNG model, and the CRZ and SJ at the burner outlet are well captured. Thus,
the RNG model is most suitable for the swirl flows. Based on the simulation
results of the RNG model, the CRZ and SJ are folded, corrugated, and have
completely asymmetrical behavior due to Kelvin-Helmholtz instability. It may
cause the turbulence models without swirl corrections to be unable to simulate the
important swirl flowcharacteristics correctly,while theRNGmodel has considered
the swirl influence in the turbulenceviscosity correction.Therefore, a suitable swirl
flow correction considering the swirl number is important in turbulence models
for such simulations.

Keywords: Turbulence model · RNG · Swirl Flow

1 Introduction

In addition to axial velocity, the swirling flow also has a rotational motion or tangential
velocity component, which is achieved by adding a cyclone or introducing the airflow
tangentially into the combustion chamber [1]. These swirl flows find applications in
various non-reacting systems [2–9]. They are also employed in reacting systems [10–
17]. Swirl flows are extensively utilized and play a crucial role in combustion systems
[18] due to their ability to stabilize high-intensity combustion.

Various experimental researches have been done on the swirl flows in different
aspects. A M. Elbaz [18] used three-dimensional particle image velocimetry (SPIV)
technology to research the turbulent field of non-premixed methane swirling flames.
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Christopher O. Iyogon [19] studied on the effect of swirling intensity on the stability of
swirling non-premixed methane flames by experiments, and found that increasing the
intensity of swirling flow can create a flow recirculation zone.With quantitative analysis,
Nazim Merlo [20] studied the effect of swirl number on flame stability through hydro-
gen oxygen chemiluminescence experiments, indicating that increasing the number of
swirls can significantly improve flame stability. Toufik Boushaki [21] use volumetric
V3V 3D3C velocity to measure turbulent flow of swirl burner.

Apart from the experimentalmethod, the swirl flows have also been researched by the
simulationmethods in recent years. Based on the computational fluid dynamics, P.Wang
[22] and Ying Huang [23] used large eddy simulation (LES) to analyze the isothermal
turbulent swirl flow and premixed swirl combustion, respectively. Furthermore, Martin
Freitag [24] studied swirling and mixing processes by using direct numerical simu-
lation (DNS). Considering the huge calculation time of DNS, Mansouri Zakaria [25,
26] used Detached Eddy Simulation Model (DES) and Delayed detached eddy simula-
tion (DDES) to analyze and compare the swirl combustion and non-reacting swirl flow,
respectively. Beside the above turbulence model research with high calculation requests,
Dr. K. Sudhakar Reddy [27] and Y Mao [28] adopted RNG k-ε to simulate the closed
isothermal swirling flow and made improvements on this model to better catch the swirl
flow characteristics. Mansouri Zakaria [29] and Sharif M [30] used other two-equation
turbulence models to analyze the similar swirl flows with detailed swirl flow velocity
distributions captured.

However, most of the previous simulation studies related to swirling flow deal with
non-annular geometries, single turbulence model and have few considerations for the
simulation influence of various turbulence models. In order to find the best turbulence
model for simulating swirl flows, different turbulence models are adopted to simulate
the non-reacting turbulent swirling flow in a non-premixed burner [26] and compared
with experimental data [21, 26]. In comparison with other turbulence models and lam-
inar model, the vital tangential velocity distributions of RNG model is closer to the
experimental data. It is in corresponding with the characteristic swirl factor used for the
turbulent viscosity correction in RNG model to capture the important details of swirl
flows. Based on the flow field analyses of various turbulence models, it is found that
RNG model is most suitable model to simulate swirl flow.

2 Numerical Model

2.1 Turbulence Model

As this swirl flow does not involve combustion calculation, it is assumed that the flow
is isothermal and only the continuity and momentum equations are solved in turbulence
models. On this basis, the continuity equation and momentum equation of the system
are solved by the steady-state hypothesis. The steady-state continuity equation involved
is:

∂

∂xj
(ρuj) = 0 (1)
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The steady-state momentum equation is:

∂(ρuiuj)

∂xj
= ∂(P)

∂xi
+ ∂(τij)

∂xj
(2)

where τij is the viscous stress tensor, which is given by the following formula:

τij = μ[∂(ui)

∂xj
+ ∂(uj)

∂xi
− 2

3

∂(uk)

∂xk
δij] (3)

where ρ, P and μ are the density, pressure and viscosity, respectively, and u is the
velocity component in a certain direction.

As the swirl fluid flow is affected by swirl and rotation, the RNG model corrects the
influence of swirl by modifying turbulence viscosity appropriately [31]. The modified
function form is as follows:

μ = μt0f

(
αS ,�,

k

ε

)
(4)

where the swirl number αs is constant based on the flow situations.
The below is for the averaged Reynolds stress:

∂

∂xj

(
ρuiuj

) = − ∂P

∂xi
+ −∂τij

∂xj
+ ∂

∂xi

(
−ρu′

iu
′
j

)
(5)

However, additional terms for turbulence effects is called the Reynolds stresses. In
order to provide closure for the momentum equation, these terms can be simulated by
different turbulence models. Considering that two-way turbulence models are widely
used in numerical simulation of swirling flow, the k-εmodel and-k-ωmodel are adopted
in this paper, and the enhanced wall function is applied to these models.

2.2 Simulated Geometry and Conditions

The experimental apparatus and data from Boushaki et al. [21, 26] are simulated in this
study. Figure 1 shows the 3D annular pipe geometry with swirler. The coordinate system
is also built in Fig. 1. Table 1 shows the detailed boundary conditions with the mixture
model for ideal air and ideal nitrogen. Nitrogen inlet is shown as blue fuel arrow in
Fig. 1.

In view of the complex structure of cyclone blades, tetrahedral elements were used
to construct the basin grid, and the basin grid was encrypted. Figure 2(a) is the global
grid, and Fig. 2(b) is the partial grid of the cyclone.

2.3 Grid Independence Verification

The grid independence of three different grids is verified. The fine grid, medium grid
and coarse grid consist of 10.76 million cells, 6.72 million cells and 3.60 million cells
independently and are simulated by RNG k-ε model.
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Table 1. Boundary conditions.

Boundary
condition

Model Parameter

Air inlet Mass-flow 5.218 g/s

N2 inlet Mass-flow 0.244 g/s, 25 °C

Wall Adiabatic
no-slip

Outlet Pressure Static ambient
pressure

Fig. 1. (a) 3D model (b) A sketch of numerical domains.

Fig. 2. (a) Mesh used for the simulation (b) Shows swirler.

As the velocity distribution is the most vital flow characteristics in swirl flows, the
axial Zvelocity distribution along the radial direction is averaged along the axial direction
and shown in Fig. 3. The axial direction and radial direction are normalized with Z/D
and X/D, and D means the diameter of Air inlet. As shown below, in the region (X/D
ranges from − 0.5 to 0.5), the coarse mesh results are quite different from the medium
and fine mesh results. It indicates that the coarse mesh is not independent. The profiles
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of the fine and the medium meshes present the same x velocity distribution in different
axial Z/D directions. Thus, the medium mesh and fine mesh can be enough for the swirl
flow simulations.

Fig. 3. Grid sensitivity solution for radial distribution of axial velocity.

In order to compare the detailed result differences between the medium and fine
mesh, two peak velocity values and one trough velocity value in velocity distributions
are selected to be in Table 2. Considering that the swirl flows need space to develop,
the middle location Z/D = 1.0 is chosen to be analyzed in Table 2 with fully-developed
swirl flows. As for two peaks, the peak A and C mean the peaks in negative X/D and
positive X/D, respectively.

Table 2. Simulated x velocity results in Z/D = 1.0.

Mesh Velocity X/D X velocity [m/s]

Coarse (368w cells) Peak A -0.56 4.25

Trough B -0.05 -2.78

Peak C 0.56 4.23

Medium (672w cells) Peak A -0.53 4.90

Trough B -0.02 -2.65

Peak C 0.53 4.88

Fine (1076w cells) Peak A -0.53 4.97

Trough B -0.02 -2.75

Peak C 0.53 5.02
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As shown above, at A, B and C, the peak and trough radial positions of the medium-
sized mesh are same with the fine mesh, while the coarse mesh has different peak and
trough locations. Compared with the fine mesh, the peak and trough velocity values of
medium mesh have less than 4% difference, indicating that the medium mesh is good
enough to capture the detailed velocity distributions in swirl flows. Therefore, the mesh
density of the medium mesh is used to generate the fluid domain mesh.

3 Results and Discussions

3.1 Velocity Distributions

According to the study by Gupta, A. K [1], the axial velocity and tangential velocity
of rotational motion can exhibit key characteristics of swirling flow. Therefore, in order
to highlight the swirl flow simulation differences among various turbulence models, a
comparative analysis is conducted on the axial velocity and tangential velocity contours
as shown in Fig. 4.

Figure 4 (a) and (b) depict the experimental velocity contours [21, 26]. As the axial
velocity in the radial middle center area is negative in experimental data, the gas flows
back to the inlet in the radial middle center area. Thus the radial middle center area
is called a central recirculation zone (CRZ), a vital area with significant swirl flow
characteristics. In two sides of the CRZ, the jet flow exits with high velocity, named
as swirl jet area (SJ). The SJ surrounds the CRZ with two interlayers, calling the outer
shear layer (OSL) and the inner shear layer (ISL). The OSL is related to external static
regions, while the ISL and the CRZ are in direct contact.

Based on Fig. 4 (c), the laminar simulation results do not exhibit the SJ and CRZ fea-
tures. As for Fig. 4 (d), it is observed that vortices appear near x = ±0.02 m and moves
upwards, not present in Fig. 4 (b). The transient vortices movement of laminar model
shows that the swirl flow has transient characteristics. The transient analyses should be
done in future simulations. However, taking the simulation time into consideration, the
steady turbulent simulation is enough to simulate the important time-averaged experi-
mental data correctly. Thus, the laminar model cannot simulate the swirl flow accurately
with turbulence existing. Figure 4 (e), (f), (g), and (h) respectively show the axial velocity
and tangential velocity contours simulated by the Realizable and RNG. Compared with
the experimental results, the axial velocity features of these models are quite consistent
in exhibiting the CRZ and SJ. However, the simulated SJ angles, shown in Fig. 4 with
black lines are different. Figure 4 (a) has an angle of 15.95°, while Fig. 4 (e) and (g)
have angles of 18.67° and 20.47° respectively. It indicates that the CRZ simulated by the
RNG is in better agreements with experimental results than the Realizable. Therefore,
the RNG is fit for simulating the swirl flows with accurate SJ results. Figure 4 (i), (j), (k),
and (l) respectively show the axial velocity and tangential velocity contours simulated
by the Standard and SST. Comparing Fig. 4 (i) and (k) with the experimental results, the
axial velocity map features are quite consistent. Both maps exhibit the CRZ and SJ, with
the main difference being the SJ angle. The SJ angles in Fig. 4 (i) and (k) are 21.52° and
20.04° respectively, higher than the RNG. Comparing Fig. 4 (j) and (l) with the experi-
mental results, the tangential velocity map features are generally consistent. In Fig. 4 (j)
and (l), the locations of the almost zero tangential velocity are at 110 mm and 135 mm,
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Fig. 4. Experimental and numerical axial and tangential velocities.
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equaling to 50 mm and 75 mm in the experimental coordinate while the experimental
data is 60 mm. Therefore, the RNG is better than other models in simulating the swirl
flows with correct SJ and ORZ results.

By comparing the axial velocity distributions of various turbulence models, it is
found that the laminar flow model is quite different from the experimental results, the
CRZ and SJ in axial velocity contours features are not obvious, while the features of other
turbulence models are close to the experimental results, but the de-flection angle of the
central area of the RNGmodel is in the best agreement with the experiments. Comparing
the tangential velocity cloud images of different turbulence models, the laminar flow
model has vortices, and the vortices tend to move upwards, while the characteristics of
other turbulence models are close to the experimental results, but the tangential velocity
peak and valley positions of RNG are closest to the experimental results.

3.2 Analyses of Axial and Tangential Velocity

To further analyze the detailed simulation differences among the turbulence models,
six axial positions are selected and the axial and tangential velocity distributions along
radial direction at these axial positions are shown in Figs. 5 and 6.

Through the analyses of Fig. 5, it is found that the velocity profiles of the Standard k-
ω model and the laminar flow model differ significantly from the experimental results.
However, the Realizable k-ε, RNG k-ε, and SST k-ω models show a relatively close
approximation to the experimental results in general. Compared with the experimental
data, the axial velocity distributions of SST, Realizable k-ε and RNG k-ε have 0.49%,
0.79% and 0.84% root mean square error averaged with six locations, respectively.
Among the six locations, the maximum root mean square error of these three turbulence
models are 0.79%, 1.0% and 1.48%, respectively.

Fig. 5. Axial velocity at several position.
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ComparedwithSSTandRealizable, the biggest difference ofRNG is the introduction
of swirl factor in the calculation equation of turbulence viscosity μ. The three models
discussed above give good predictions in the developed swirl region. But, RNG is the
best as it offers more accurate results and better numerical stability than other model in
undeveloped regions. As the swirl flow is developing fast in the Z/D = 1.0, this location
should be especially analyzed. It is observed that the RNG simulates peaks and troughs
that are closer to the experimental results, whose average error is less than 4.6% and
maximum error is less than 6.6%. Based on the analysis of the axial velocity profiles
obtained from different turbulence models, it can be concluded that the results of the
RNG are closer to the experimental results.

Figure 6 shows that the velocity profiles of the SST, Standard, and laminar flow
models differ significantly from the experimental curve, especially the laminar flow
model. On the other side, the RNG and Realizable exhibit a relatively close agreement
with the experimental curve, as already mentioned in the analysis of the velocity maps
and axial velocity profiles. To further analyze this, we select the tangential velocity at the
z/d = 1 position and compare the peaks and troughs of the tangential velocity obtained
from different turbulence models with the experimental results. Through analysis, it is
observed that the RNG and Realizable produce peaks and troughs that are close to the
experimental data. There is a slight difference in the magnitudes of the velocities at
the peaks and troughs, with average errors of 16.91% and 19.29% for the RNG and
Realizable, respectively.

Fig. 6. Tangential velocities at several locations.

By comparing the axial velocity curves of different turbulence models at z/d = 0.3
etc., it is found that the error between the RNG and the experimental data is the smallest,
with an average error of 0.47% and a maximum error of 0.79%. At the same time,
the axial velocity peak position and velocity magnitude of RNG are the closest to the
experimental results. Comparing the tangential velocity curves of different turbulence
models, it is found that the error between the RNG and the experimental results is the
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smallest, and the peak positions and velocities of the tangential velocity are the closest
to the experimental results. Thus, it can be concluded that RNG is the most suitable
turbulence model and will be used in subsequent simulations.

3.3 2D Instantaneous Flow Fields

In order to study the swirl flow characteristics, the velocity distribution in x-z plane is
shown in Fig. 7, including CRZ and SJ zones.

Based on Fig. 7(a), three positions A, B and C are figured out to indicate the vital
swirl flow changing process. In position A, nitrogen gas firstly flows along the axial
direction and then turns to the annual combustion holes with the radial velocity because
of the closed combustion top. Out of the combustion holes, the nitrogen gas mixes with
the axial-moving air gas in the position B, forming the inner shear layer similar to
the jet mixing flow. As the velocity directions of the nitrogen gas and the air gas are
vertical, the nitrogen gas can block the air gas movement in axial direction, leading the
air gas to flow back in corresponding with the recirculation region shown below the
combustion holes. Apart from the recirculation, the mixture of nitrogen gas and air gas
also form the annular vortex around the position C, which grows to outer shear layer.
Based on the streamline shown in Fig. 7(b), the vortex (marked by red dots) fromed by
the layer velocity difference is influenced by the Kelvin-Helmholtz instability [32, 33].
The wavy CRZ and SJ zones are caused by the swirl flow instability with asymmetric
characteristics.

(a)                                                                                   (b)

Fig. 7. (a) Flow field along the x–z plane (b) The streamline along the x–z plane.

4 Conclusions

The radial injector forms the non-reactive swirl flow in the coaxial swirl burner numer-
ically simulated in this paper. The RNG is used to simulate turbulent swirls and
conclusions can be drawn from the current investigation.
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a) By comparing the axial velocity contours of different turbulence models, it is
found that the laminar flow model is quite different from the experimental results, the
CRZ and SJ in axial velocity contours features are not obvious, while the features of
other turbulence models are close to the experimental results, the deflection angle of
the central area of the RNG is the closest to the experimental results. Comparing the
tangential velocity cloud images of different turbulence models, the laminar flow model
has vortices, and the vortices tend to move upwards, while the characteristics of other
turbulence models are close to the experimental results, but the tangential velocity peak
and valley positions of RNG are closest to the experimental results.

b) By comparing the axial velocity curves of different turbulence models at z/d =
0.3 etc., it is found that the error between the RNG and the experimental results is the
smallest, with an average error of 0.47% and a maximum error of 0.79%. At the same
time, the axial velocity peak position and velocity magnitude of RNG are the closest to
the experimental results. Comparing the tangential velocity curves of different turbulence
models, it is found that the error between the RNG and the experimental results is the
smallest, and the peak positions and velocities of the tangential velocity are the closest
to the experimental results.

c) On the whole, the characteristic of the swirling flow field is fully reflected by the
simulations. The high-speed gradient around the center recirculation zone (CRZ) known
as the jet zone (SJ) at the burner outlet has been well captured. The vortex formed by
the layer velocity difference is influenced by the Kelvin-Helmholtz instability.
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