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Abstract: The rapid expansion of high-speed rail (HSR) has significantly improved spatial accessibility
and connectivity efficiency, and affected the reallocation of spatial resources and regional economic
sustainability. This study examined 40 prefecture-level (or above) cities in the Yangtze River Delta
(YRD) region, and explored the evolution process of the HSR service network and its impact on the
sustainability of economic development. The research results show that: (1) From the perspective of
intercity travel time and service connections from 2009 to 2018, the rapid development of HSR has
increased the city’s rail accessibility by about 50%, leading to closer intercity connections. (2) There are
obvious regional differences in the effect of HSR on urban functional levels and the intensity of inter-
city connections. Compared with 2009, the central cities play a greater role as transportation hubs in
2018, creating a significant Matthew effect of accumulated advantage. (3) The distribution pattern
of regional urban intensity index is uneven, and the difference in urban intensity index in 2018 is
significantly greater than that in 2009. (4) The evolution of the HSR network has significantly affected
regional economic development, especially the development of tertiary industry, and increased the
polarization of economic development in the YRD. This research can provide a certain reference for
regional sustainable development.

Keywords: high-speed rail network; accessibility; connectivity; regional economic sustainability;
Yangtze River Delta

1. Introduction

Mass transit is an important link between regional activities and an important sup-
porting system for urban development. It determines the degree and scope of regional
interconnection. Every change in transportation technology and transit mode has pro-
foundly affected urban spatial structure and development [1]. In the modern rail transit
era, the rapid development of rail transit, such as trains and trolley buses, has provided
the main driving force for urban expansion. The agglomeration and diffusion effects of
rail transit have jointly shaped the evolution of urban spatial forms [2]. The innovation of
transit modes is closely related to the evolution of regional spatial structure. In China, with
the acceleration of urbanization, reachable distance and speed of rail transit have greatly
increased, and the relationship between changes in rail networks and the evolution of urban
spatial patterns and regional industrial structures has become increasingly obvious [3,4].
HSR has become an important factor in the rapid development of Chinese cities and a key
driving force for major changes in the spatial pattern and industrial structure of Chinese
cities and regions. The changes are expected to continue in the future [5]. The national
comprehensive three-dimensional transportation network planning outline (2021–2050)
proposes that by 2035, a modern and high-quality comprehensive national comprehensive
three-dimensional transportation network that is convenient, smooth, cost-effective, green,
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intensive, intelligent, advanced, safe and reliable will be basically completed. During this
period, HSR will play an important role.

HSR greatly shortens the travel time between cities, reduces the travel time cost of
residents, and significantly accelerates the cross-space flow of people, logistics, capital,
and information. [2,6,7]. In addition, the distance factor that people consider for travel
has changed. For example, people may seek to meet their needs in other cities and are
more willing to accept the different lifestyles of the cities where they live and the cities
where they work, which promotes co-urbanization [8–10]. In addition, HSR has increased
the obvious axial connection between cities, because there are relatively more connections
between cities along the high-speed rail, and stronger economic ties have been established
between cities [11]. However, high-speed rail has a regionally uneven temporal and spatial
convergence effect, which may lead to “siphoning” and “filtering” phenomena [12–15]. Holl
(2007) and Gutiérrez et al. (1996) found that the nature of HSR accessibility has produced a
kind of “tunneling effect”, turning the original “loop” accessibility model into a “band” or
“island” model [16,17]. Preston et al. (2006) found that relatively small cities benefitted from
the HSR much less than the larger cities in those regional centers [18]. He (2011) pointed
out that the benefits of HSR construction to large and small cities are more than that for
medium-sized cities [19]. Therefore, the difference in “relative location” conditions has a
certain influence on the reconstruction of urban and regional spatial structure [20,21]. The
“time-space compression” effect of HSR changes intercity accessibility, triggers the flow
and re-allocation of various resources in the region, reshapes the regional urban system,
reorganizes regional industries, and integrates regional economies [22,23].

To date, many studies have analyzed the impact of mass transit accessibility on the
economy [24–26] and population distribution [27]. Givoni (2006) found that the HSR
has promoted the development of leisure and business tourism in major British cities,
thereby promoting the development of social service industries [28]. Kotavaara et al. (2011)
studied the relationship between land accessibility and demographic change in Finland
over the past 40 years and found that the population tends to be concentrated in areas
with high spatial accessibility [29]. In addition, the new HSR is expected to promote
the development of urban high-tech and public-oriented construction, thereby increasing
employment opportunities for local residents [30,31]. HSR is also expected to drive the
rapid development of tourism along the railway and the establishment of business services
near stations [30]. The area near the HSR station is usually developed into a mixed function
area that promotes population and economic growth, accelerates the adjustment of land
use structure, and accelerates the transformation of urban space [32,33].

China’s current national strategy in the YRD takes infrastructure and service in-
terconnection as the starting points to promote regional integration. Improving spatial
connectivity may effectively reduce economic distance and various mobility costs. It may
also provide strong support for the efficient integration of regional resources and the ac-
celeration of regional economy integration. In 2018, the YRD region has nearly 20 HSR
lines, connecting 33 in the region with a networked HSR system. Its well-established
HSR circle centers on Shanghai, Nanjing, Hangzhou, and Hefei, and the travel time is
approximately 0.5 to 3.0 h. The capabilities of Shanghai, Nanjing, Hangzhou, and Hefei
as regional gateways have been greatly enhanced by the radiation and siphon effect of
the central cities that coexist in the region. To better promote the development of regional
integration and optimize the HSR service network, it is necessary to comprehensively
analyze the impact of HSR development on spatial development changes. To this end,
we quantitatively measured the changes in the HSR network in the YRD region and t its
impact on regional development and changes. Using a network analysis and improved
production function models, the study aimed to ascertain the empirical support required
for regional planning, HSR planning, and to support the decision-making of regional
comprehensive development. The main research content of the article is as follows: (1) to
analyze the impact of HSR service changes during the past 10 years on the evolution of
spatial structure and the sustainability of economic development in the Yangtze River Delta
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(YRD) region; (2) to use the perspective of “flow space” to evaluate the empirical evidence
that promotes the development of regional economic integration the YRD region; (3) to
analyze the evolution of mass transit, particularly HSR, and its effect on the sustainable
development of urban agglomerations.

2. Materials and Methods
2.1. Study Area

The YRD is located on the east coast of China, and its regions include Shanghai,
Jiangsu, Zhejiang, and Anhui. The total area is 359,000 square kilometers and the permanent
population is 220 million, including about 26% and 6% of the country, respectively. The
Gross Domestic Product (GDP) is about CNY 19.5 trillion, accounting for almost a quarter
of the country’s, and it is a strategically important area for China’s overall development.
In 2009, the YRD had only a few HSR services, but with the rapid expansion of the HSR
network in the past decade, the YRD region has now become the region with the longest
operating mileage, the most lines, the densest stations, and the largest traffic volume in
China. In 2018, the Yangtze River Delta’s high-speed rail operating mileage was 3678.80 km,
and the annual passenger volume exceeded 600 million passengers, making it the world’s
largest high-speed rail urban agglomeration. Therefore, the region has important value for
studying the impact of high-speed rail services on regional economic development. It is
worth noting that the geographic area of this study includes 40 cities above the prefecture
level, including Shanghai and many other cities in Jiangsu, Zhejiang, and Anhui provinces.
However, we exclude Zhoushan City (Zhejiang Province) because it is not yet part of the
national high-speed rail network.

2.2. Data Sources

This study uses data on travel time and the number of train services between two cities
to measure the intensity of the intercity connection of mass transit HSR in the YRD region.
Data for 2009 were derived from the updated April 2009 train schedules of Hubei Xiangfan
Sky Technology. The data for 2018 were obtained in October 2018 from Ctrip.com, China’s
largest travel website. Demographic and economic data were from 2017. The demographic
and economic data comes from the 2010 and 2018 statistical yearbooks of Zhejiang, Jiangsu,
Anhui, and Shanghai, and some from the 2010 and 2018 statistical yearbooks of another
40 cities. Because Chaohu City (Anhui Province) was separated from the other prefecture-
level cities in 2011, and the original administrative areas individually absorbed into Hefei
City, Wuhu City, and Maanshan City, the 2009 Chaohu demographic and economic data
were divided and merged into the data of the three cities into which they had incorporated
in 2011.

2.3. Variables and Measurement

This study defines high-speed trains (G-head), multiple-unit trains (D-head), and
intercity trains (C-head) as HSR. In order to determine the shortest travel time when there
is a direct high-speed rail line between two given cities, the shortest travel time of all direct
trains is considered to be the shortest travel time between the two cities. The total number
of daily train services between two given cities is considered as train frequency. When there
is no direct HSR line between two given cities, the shortest travel time between the two
cities is represented by the shortest running time of the connected train provided by the
website, and the number of trains is set to zero. As trains have different frequencies, and
different frequency in the upstream and downstream directions, based on the high-speed
rail conditions of 40 cities in the Yangtze River Delta region, a 40 × 40 shortest travel time
matrix and a 40 × 40 frequency matrix (except for Zhoushan) have been established.

2.3.1. Network Travel Time

The accessibility of high-speed rail can be defined as the ability of an individual
to reach a specific high-speed rail station in a specific time through a specific mode of
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transportation to enjoy high-speed rail services [19]. Traffic accessibility plays an important
role in economic development and the spatial distribution of economic activities. A high
level of accessibility is conducive to economic activity entities for expansion of their business
abroad. There are many indexes to calculate traffic accessibility, among which a location-
based accessibility measure is the most commonly used [18]. The calculation method is
the ratio of the total travel time of a city to the total travel time of 40 central cities in the
YRD (including Shanghai, provincial capital cities and prefecture-level cities served by HSR
services). First, we calculated the average travel times (Tij) of HSR services between cities
with direct HSR services [19,24]:

Tij = ∑ tij/n (1)

where tij and n represent the travel time and frequency of HSR services between city i and
city j. Then, the network travel time (TTT; when there is no direct HSR, use the nearest
transfer city and add 30 min) was calculated with the following formula:

NTi = min ∑ Tij (2)

where j represents one of the 40 cities in the region, and NTi is the shortest total HSR travel
time of city i to the other 39 cities. When there are multiple high-speed rail stations in a
given city, we ignore the intra-city travel time between stations.

2.3.2. Network Connectivity

Compared with the traditional “static pattern” represented by the “gravity model”
or “factor distribution” to describe the connections between cities, the “dynamic pattern”
represented by streaming data should be more scientific and accurate, and should be closer
to the nature of urban spatial relationships [34]. In the following formula, Pij represents the
connection intensity between city i and city j based on HSR, Ti−j is the minimum travel
time from city i to city j, Tj−i is the minimum travel time from city j to city i, Si−j is the
daily train number from city i to city j, and Sj−i is the daily train number from city j to
city i. Pij reflects the intensity of the connection between cities regarding HSR. The share
division of travel time and service frequency in intercity connection intensity is obtained
from the expert scoring method in transportation sector. The larger the Pij, the stronger the
connection between city i and city j, and vice versa:

Pij = wi ×
100

(Ti−j+Tj−i)
2

+ wj ×
(
Si−j + Sj−i

)
(3)

In the following formula, NTi represents the total daily train number between city
i and all other cities, Sij is the daily train number between city i and city j, and Sji is the
daily train number between city j and city i. Si indicates the extent to which a given city
is connected with other cities; that is, the larger the value of Si, the stronger the city’s
accumulated capacity within the regional HSR network:

NTi =
n−1

∑
j=1

(
Sij + Sji

)
(4)

2.3.3. Urban Intensity Index of HSR Services

Previous studies usually used the total number of trains in a city to directly indicate
the point intensity of the city. In this study, the accessibility measured by average minimum
travel time (Ai) and the average number of trains (NTi) of city i were subjected to a similar
weighted combination as the intercity connection intensity, and the resulting combined
value is used as the point intensity of city i to precisely indicate each city’s rank within the
regional HSR network [24]. The calculation was performed as follows:

Pi = wi ×
100
Ai

+ wj ×
NTi

n− 1
(5)
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In the following formula, Pi denotes the point intensity of city i based on the HSR
network, Ai is the accessibility of average minimum travel time of city i, Si is the total daily
train number between city i and all other cities, and n is the total number of cities in the
region. The larger the value of Pi, the greater the point intensity of city i relative to the HSR
network. To enhance the comparability of the results and objectively reflect the intensity
difference between the urban nodes in the area, the standardized point intensity coefficient
is used to normalize the point intensity results. The point intensity coefficient is defined as
the ratio of the point intensity of a city to the average point intensity of all cities in the area
to eliminate the influence of the intensity of the city point. The equation used to calculate
the point intensity coefficient is as follows:

P′i =
Pi

P
=

Pi

∑n
i=1 Pi/n

(6)

where P′i denotes the point intensity coefficient of city i in the region and P is the average
point intensity of all cities in the region. When P′i is more than one, the point intensity
of city i is above the regional average point intensity, and when P′i is less than one, the
point intensity of city i is below the regional average. In order to objectively discover the
uniformity of the urban point intensity distribution based on the high-speed rail network
in 2009 and 2018, the standard deviation of the point intensity coefficient was generated,
i.e., the coefficient of variation is also used in data analysis.

2.4. Regression Analysis of HSR Impacts on Economic Development Patterns

We use the classic production function to estimate the impact of accessibility and
connection changes on economic development and industrial structure adjustment [30,34].
Extending the classic model by adding variables that measure energy consumption (E) and
HSR development (HSR):

Y = f (L, K, E, HSR) (7)

We apply logarithmic processing to the equation to convert the function to linear form
as follows:

LogY = Log f (L, K, E, HSR) (8)

In the production function, Y is the maximum output that can be produced, that is,
the level of economic development; L is the labor force; K is the capital investment; E is
the total energy consumption; HSR is the development of railway transportation. Previous
studies have reported the significant heterogeneity and spatial dependency of certain socio-
economic variables in the YRD region [13,19]. Therefore, we can use a spatial autoregressive
(SAR) model to detect the presence of any spatial influences on the dependent variable:

Yit = ρWYit + Xitβ + µ + εt (9)

where Y represents N*1 vector of dependent variables for every analytical unit; i is one
cross-section; t is the time dimension; X is the N*T matrix of independent variables of labor,
investment, energy consumption, HSR travel time, and centrality; and W is the vector of
spatial weights of a given analytical unit to the others. W is calculated with a normalized
N*N weight matrix based on the Queen Contiguity method. Thus, WY is defined as the
spatial interactions among dependent variables; εt is the error term; and ρ, β, and µ are
coefficients to be estimated.

To measure the impact of the development of HSR, we adopted three variables to
capture the changes in accessibility and connection related to the development of HSR and
USI (the interaction effect between two dimensions). The final model used to estimate the
HSR effect is as follows:

LogYit = ρW ∗ LogYit + β1 ∗ LogLabourit + β2 ∗ LogInvestit + β3 ∗ LogEnergyit + β4 ∗ LogNTit + β5 ∗ LogNCit
+β5 ∗ LogUSIit + µ + εt

(10)
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3. Results
3.1. HSR Network Expansion: Travel Time and Service Frequency
3.1.1. Network Accessibility Patterns and Changes

The development of the HSR network has greatly reduced the total travel time between
cities. In 2009, Nanjing was the most accessible city (network travel time of 203.89 h),
followed by Wuxi (206.09 h) and Ma’anshan (210 h). Although Nanjing ranks first among
the cities with the highest transportation convenience, due to the development of the high-
speed rail network, the lowest-value centers have moved westward in 2018. The pattern
shows that geographical location and node centrality of the HSR network determine the
city’s network accessibility level. The network travel time pattern in 2018 was significantly
related to 2009, with an explanatory power of 62.1%, indicating that the development
of HSR network has changed 37.9% of network accessibility, because conventional rail
transit did not make a significant contribution during the study period. Therefore, the
development of HSR has brought uneven network accessibility changes to cities. Some
cities are prosperous, and some cities are declining.

Regarding accessibility improvement, cities at the periphery of the region have the
largest absolute network travel time change (Figure 1). For example, Wenzhou, Lishui, and
Quzhou in southern Zhejiang and Anqing and Huangshan in southern Anhui experienced
more than a 200-h reduction. Some conventional rail cities also experienced dramatic
improvements in network travel time by connecting to HSR services of neighboring HSR
cities, such as Lianyungang in northern Jiangsu Province, which experienced a network
travel time reduction of 161.52 h. However, when we calculate the relative changes in
network travel time between cities, cities with higher values in the conventional rail network
in 2009 have higher relative returns. The results show that the location of cities in the
traditional railway network may determine or at least help them choose HSR development.
The average improvement in the YRD region is about 50%; outstanding cities included
Xuzhou (62.42%), Suzhou in Anhui (62.0%), and Nanjing (61.12%). However, in general,
the HSR network has increased the regional disparity in network travel time, supported by
an increased coefficient of variation from 0.279 in 2009 to 0.326 in 2018.
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Figure 1. Changes in the network accessibility of cities in the YRD, 2009–2018.
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3.1.2. Network Connectivity Patterns and Changes

In 2009, there was no HSR in Suqian and Taizhou, and there were 703 inter-city
high-speed rail services in the whole district. In 2018, there were 780 rail connections
between any two cities (direct or via connecting trains). Figure 2 shows that there are
47 primary and secondary connections with the largest difference in the strength of the
intercity high-speed rail, so only 6% of the connections have been greatly improved. There
are 188 connections at the third and fourth levels, of which 24% are intercity connections,
and inter-city connections have increased significantly. In the fifth and sixth levels, there
are 545 connections (about 70% of the total number of the area), and 148 (19%) of those
545 connections have negative values. The results indicate that in the past ten years, less
than one-third of intercity HSR connections have significantly increased, 19% of intercity
connections have weakened, slightly changed intercity connections dominate, and the
overall distribution is even more uneven.

Sustainability 2022, 14, x FOR PEER REVIEW 8 of 14 
 

 

   
(a) (b) (c) 

Figure 2. Intercity connection intensity in the YRD Note: (a) 2009; (b) 2018; (c) change to connection 
intensity. Notes: NJ = Nanjing; WX = Wuxi; XZ = Xuzhou; CZ1 = Changzhou; SZ1 = Suzhou; NT = 
Natong; LYG = Lianyungang; HA = Huaian; YC = Yancheng; YZ = Yangzhou; ZJ = Zhenjiang; TZ1 = 
Taizhou;SQ = Suqian; HZ1 = Hangzhou; NB = Ningbo; WZ = Wenzhou; JX = Jiaxing; HZ = Huzhou; 
SX = Saoxing; JH = Jinhua; QZ = Quzhou; TZ2 = Taizhou; LS = Lishui; HF = Hefei; WH = Wuhu; BZ 
= Bozhou; SZ2 = Suzhou; BB = Bengbu; FY = Fuyang; HN = Huainan; CZ2 = Cuzhou; LA = Luan; 
MAS = Ma’anshan; HB = Huaibei; XC = Xuancheng; TL = Tongling; CZ3 = Chihzou; AQ = Anqing; 
HS = Huangshan. 

There are 29 connections at the first network level. The high-value gathering areas in 
2018 were basically the same as in 2009, and both highlighted the Shanghai–Nanjing line, 
which means that the five cities on the Shanghai–Nanjing line not only have the most 
similar connections between 2009 and 2018, but also experienced the largest increase in 
intercity connections in the past decade. In addition, Zhejiang’s HSR was weak in 2009, 
but by 2018, all cities have HSR operations, and the Shanghai–Kunming and Hangzhou–
Shenzhen lines run through Zhejiang. Therefore, the intensity of inter-city connectivity in 
Zhejiang has undergone major changes from 2009 to 2018. 

There are 54 secondary connections, highlighting the intercity HSR connections of 
the four main lines, presenting a spatial pattern of two horizontal lines and two vertical 
lines, indicating that the overall connection intensity along the line has been greatly in-
creased. Moreover, there are more intercity connections from north to south than east to 
south, indicating that the Beijing–Shanghai HSR has an obvious leading role in the Yang-
tze River Delta region due to its transit and carrying capacity. 

There are 145 connection points on the third floor, which strengthen the spatial pat-
tern of two horizontal and two vertical lines, forming a multi-center interactive pattern 
with most cities along the HSR as nodes. The leaping feature of rail transit greatly reduces 
the influence of geographic distance and improves the connection between regional sur-
rounding cities (such as Lu’an, Anqing, Wenzhou, and Taizhou) with other cities. 

There are 552 connections at the fourth network level, which is characterized by the 
fact that the intercity high-speed rail connection has not improved or deteriorated much 
since 2009. In other words, most of the changes in the strength of intercity connections are 
negligible. The inter-city ties in cities along the high-speed rail lines are increasingly 
strengthened, and the inter-city ties in remote areas are declining. The gap between these 
two groups is getting bigger and bigger, and the “Matthew effect” has appeared [35]. Fig-
ure 3 illustrates the changes in the strength of intercity connections between the four net-
work levels. 
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tion intensity. Notes: NJ = Nanjing; WX = Wuxi; XZ = Xuzhou; CZ1 = Changzhou; SZ1 = Suzhou;
NT = Natong; LYG = Lianyungang; HA = Huaian; YC = Yancheng; YZ = Yangzhou; ZJ = Zhen-
jiang; TZ1 = Taizhou; SQ = Suqian; HZ1 = Hangzhou; NB = Ningbo; WZ = Wenzhou; JX = Ji-
axing; HZ = Huzhou; SX = Saoxing; JH = Jinhua; QZ = Quzhou; TZ2 = Taizhou; LS = Lishui;
HF = Hefei; WH = Wuhu; BZ = Bozhou; SZ2 = Suzhou; BB = Bengbu; FY = Fuyang; HN = Huainan;
CZ2 = Cuzhou; LA = Luan; MAS = Ma’anshan; HB = Huaibei; XC = Xuancheng; TL = Tongling;
CZ3 = Chihzou; AQ = Anqing; HS = Huangshan.

There are 29 connections at the first network level. The high-value gathering areas
in 2018 were basically the same as in 2009, and both highlighted the Shanghai–Nanjing
line, which means that the five cities on the Shanghai–Nanjing line not only have the most
similar connections between 2009 and 2018, but also experienced the largest increase in
intercity connections in the past decade. In addition, Zhejiang’s HSR was weak in 2009,
but by 2018, all cities have HSR operations, and the Shanghai–Kunming and Hangzhou–
Shenzhen lines run through Zhejiang. Therefore, the intensity of inter-city connectivity in
Zhejiang has undergone major changes from 2009 to 2018.

There are 54 secondary connections, highlighting the intercity HSR connections of the
four main lines, presenting a spatial pattern of two horizontal lines and two vertical lines,
indicating that the overall connection intensity along the line has been greatly increased.
Moreover, there are more intercity connections from north to south than east to south,
indicating that the Beijing–Shanghai HSR has an obvious leading role in the Yangtze River
Delta region due to its transit and carrying capacity.



Sustainability 2022, 14, 155 8 of 14

There are 145 connection points on the third floor, which strengthen the spatial pattern
of two horizontal and two vertical lines, forming a multi-center interactive pattern with
most cities along the HSR as nodes. The leaping feature of rail transit greatly reduces the in-
fluence of geographic distance and improves the connection between regional surrounding
cities (such as Lu’an, Anqing, Wenzhou, and Taizhou) with other cities.

There are 552 connections at the fourth network level, which is characterized by the
fact that the intercity high-speed rail connection has not improved or deteriorated much
since 2009. In other words, most of the changes in the strength of intercity connections
are negligible. The inter-city ties in cities along the high-speed rail lines are increasingly
strengthened, and the inter-city ties in remote areas are declining. The gap between these
two groups is getting bigger and bigger, and the “Matthew effect” has appeared [35].
Figure 3 illustrates the changes in the strength of intercity connections between the four
network levels.
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3.2. Urban Intensity Index Patterns and Changes from HSR Service Network in the YRD Region

From 2009 to 2018, the intensity of about one-third of the cities rose sharply, one-third
increased moderately, and the intensity of one-third did not change or declined. The central
cities showed obvious polarization effects. Figure 4a shows that the two first-tier cities with
the highest point intensity in 2009 and 2018 are Shanghai and Nanjing. These two cities are
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in an advantageous position in connecting with other cities in the region, far surpassing
other cities. In 2009, there were 6 s-tier cities. In 2018, adding Xuzhou and Hefei, the
number increased to eight, indicating that the rail transit development of these two cities
is sufficiently fast, and the urban point density has increased by one-level. Among other
cities, Ningbo, Shaoxing, and Huzhou upgraded from the fourth to the third level between
2009 and 2018, Wenzhou upgraded from the fifth to the third level, Taizhou upgraded from
the sixth to the fourth level, and Lishui, Lu’an, and Tongling upgraded from the fifth to the
fourth level. In total, the relative positions of 10 cities have risen. In addition, Wenzhou and
Taizhou rose by two levels and experienced significant changes during the study period.
There was no high-speed rail in Taizhou in 2009. By 2018, both cities were connected to
high-speed rail, which greatly increased their point strength.
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The four cities of Xuancheng, Fuyang, Bozhou and Lianyungang in 2018 were lower
than in 2009. These cities are located on the periphery of the YRD and did not have HSR
until 2018. As the point intensity of other cities increases, the overall improvement of the
Yangtze River Delta’s HSR network has further marginalized these cities, resulting in worse
connections with other cities. The point density of Xuancheng has dropped by two levels.
In 2018, HSR has been built in surrounding cities. As HSR replaced many conventional
railways in surrounding cities, Xuancheng gradually lost its location advantage. The total
number of daily trains has been reduced from 560 to 358, which has a significant impact on
point intensity.

As shown in Figure 3, the largest changes in point intensity are in Nanjing, Shanghai,
Suzhou and Hangzhou. The strength of these four cities is relatively high, while that of
Xuancheng and Fuyang is relatively weak, and the gap between cities is getting bigger and
bigger. In other words, central cities are becoming more and more hubs, and the difference
between the core and the periphery in this pattern is more obvious in 2018 than in 2009.

3.3. Influence of HSR Network Development on Economic Structure Efficiency in the YRD Region

The variance inflation factor (VIFs) was tested and some were less than 4. The test
results show that there is no multicollinearity between the variables. Using the SAR
estimator with fixed effects on economic development and industrial structure adjustment
as the dependent variable for spatial regression estimation, it is found that both models are
significant (with a confidence level of 99%). Table 1 presents the regression results of the
effects of HSR network development in the YRD region. Except for the agricultural sector,
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the spatial lag of all other dependent variables has strong statistical significance in the SAR
model. The results indicate that economic development and non-agricultural industrial
restructuring have positive externalities. Obviously, the service sector in the region is more
spatially concentrated than the industrial sector.

Table 1. Estimation results of spatial econometric model in the YRD 1.

(log)Variables (log)GDPPC (log)GDP (log)Agricultural GDP (log)Industrial GDP (log)Services GDP

Labor −0.167 * 0.041 0.282 * 0.192 ** 0.025
Investments 0.255 *** 0.197 *** 0.403 *** 0.254 *** 0.235 ***

Energy 0.004 0.013 0.019 0.026 * −0.011
Network accessibility −0.346 *** −0.124 * 0.012 −0.315 * −0.070 ***
Network connectivity 0.058 ** 0.006 −0.029 0.073 *** 0.013 ***
Urban intensity index 0.357 ** 0.037 0.257 0.425 ** 0.058 **

Spatial rho 0.424 *** 0.613 *** −0.097 0.387 *** 0.678 ***
R2 0.409 0.634 0.383 0.712 0.558

Notes: * = p < 0.10, ** = p < 0.05, *** = p < 0.01.

After controlling the impact of labor, investment, and energy in the production func-
tion, we found that the network travel time significantly and negatively predicted overall
economic development and non-agricultural industrial structure. The relationship indicate
that the improved accessibility brought about by the development of HSR network has had
a strong impact on the development of the region’s industrial and service sector develop-
ment. However, the significance level also shows that the impact of improved accessibility
on the service sector is greater than the impact on the industrial sector. The influence mode
of network connectivity and city intensity index on economic development and industrial
structure adjustment is similar to that of network accessibility.

4. Discussion
4.1. The Polarization Effect of HSR on Regional Economic Development

Since 2009, the uniformity of urban spot intensity relative to the spatial distribution of
high-speed rail has declined, and the spatial distribution of point intensity has an obvious
corridor effect. As shown in the intensity change interpolation diagram (Figure 4), in
general, cities with large changes in point intensity are geographically distributed on the
four main HSR lines: Beijing-Shanghai, Shanghai-Wuhan, Chengdu, Shanghai-Kunming,
and Hangzhou-Shenzhen. Therefore, the strength of the HSR main line node cities has
increased significantly, especially in the cities at the intersection of HSR main lines such
as Shanghai, Nanjing, Suzhou, and Hangzhou. Figure 4a shows a large triangle of high-
strength city clusters with Shanghai, Suzhou, and Jinhua as vertices, and Figure 4b shows
the high-strength clusters in a smaller triangle formed by Shanghai, Nanjing, and Hangzhou.
The comparison shows that in 2009, with the exception of the outermost cities, the urban
point intensity in the region did not change much, and the point intensity was more evenly
distributed throughout the region. In 2018, the small triangle area was significantly better
than other regions, indicating that this core area has developed extremely rapidly in the
past ten years, and the gap between the strengths and weaknesses of other cities has become
more and more obvious. Therefore, the spatial distribution of urban point intensity in the
entire region in 2018 has become unbalanced (Figure 4c).

The analysis of the point intensity coefficient shows that the intensity distribution of
urban HSR points between 2009 and 2018 is uneven (Table 2). In 2009, there were eight
extreme nodes with a point intensity coefficients of <0.2 or >2.0. The total number in 2018
is also eight, indicating that the intensity distribution in the past two years is uneven. The
standard deviation of the point intensity coefficient was 0.77 in 2009 and 0.79 in 2018, and
the range of the point intensity coefficient was 3.05 in 2009 and 3.29 in 2018, both indicators
in 2018 were higher than in 2009. In addition, the average point intensity of the 40 cities
was 15.37 in 2009, which was 31.49 less than the largest point intensity of 46.86 (Shanghai)
and 15.37 more than the smallest point intensity of zero (Taizhou and Suqian). The average
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point intensity in 2018 was 25.84, which was 62.73 less than the largest point intensity of
88.57 (Nanjing) and 22.31 more than the smallest point intensity of 3.53 (Suqian). It can be
seen that the change in point intensity between cities in 2018 is greater than in 2009. In
short, the standard deviation, range, and point intensity change all prove that the point
intensity distribution in 2018 is more uneven than in 2009. Moreover, the total number of
extreme nodes with high point intensity (>2.0) was significantly higher than the number of
extreme nodes with small point intensity (<0.2) in 2009 and in 2018. Therefore, the uneven
distribution of urban point intensity between 2009 and 2018 is mainly due to the existence
of a large number of high-intensity extreme nodes, which further illustrates the polarization
effect of the HSR on central cities during the study period.

Table 2. Statistics of the distribution of urban intensity coefficient in 2009 and 2018.

Statistic Point Intensity
Coefficient in 2009

Point Intensity
Coefficient in 2018

Standard deviation 0.77 0.79

Extremum
Maximum 3.05 3.43
Minimum 0 0.14

Range 3.05 3.29

Point intensity
coefficient category

Number of nodes with point intensity coefficients <0.2 2 3
Number of nodes with point intensity coefficients >1.0 16 14
Number of nodes with point intensity coefficients >2.0 6 5
Total number of nodes with point intensity coefficients

<0.2 or >2.0 8 8

4.2. The Driving Effect of Investment and Employment in the Development of HSR

In the production function, investment has a significant positive effect on economic de-
velopment and industrial structure adjustment, indicating that the economic development
of the YRD has been mainly driven by investment since 2009. Since the reform and opening
policy in the late 1970s, China has always regarded investment as an important means of
economic development. In contrast, the correlation between labor input and economic de-
velopment and industrial structure adjustment is relatively weak. It is positively correlated
in all models except per capita GDP, but it is only statistically significant in agriculture and
industry. Labor is a significant negative factor for GDP per capita and not significant for
GDP and for the economic development of the service industry, which may be because the
model only examines the quantity of labor input and ignores the quality of labor input.
When evaluating the economic transformation from industrial to service-based economy
in the YRD region, the quality of labor is increasingly recognized as an important factor
that needs to be highlighted [36,37]. In short, the different effects of the development of the
HSR network on different economic sectors and indicators show that, since 2009, the HSR
has played an effective role in promoting the economic transformation of the region.

5. Conclusions

To understand the expansion of HSR network and its impact on the sustainability of
regional economic development, we analyzed and compared changes in the point intensity
and intercity connection intensity of 40 cities in HSR services between 2009 and 2018, and
adopted an improved production function model to control the impact of related variables
to explore its impact on economic development efficiency, thereby determining the impact
of the rapid development of HSR in the region over the past decade on the changes in the
spatial pattern and the adjustment of the industrial structure from 2009 to 2018. Based on
the research results, we draw the following conclusions.

1. The rapid development of HSR has increased the density of public transportation
cities, shortened inter-city connections in the region, and promoted the development of
regional integration. There are spatial differences in the increase in the density of urban
points and the strength of inter-city connections, which reflects the “Matthew effect” of
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accumulated advantages. During the study period, with the rapid development of HSR,
the point intensity of Nanjing, Shanghai, Suzhou and Hangzhou increased the most, while
the point intensity of Xuancheng, Fuyang, Bozhou and Lianyungang declined. That is, the
intensity of the central city has increased, and the intensity of the outer cities has weakened.
The gap in 2018 was greater than in 2009. High-speed rail connections between high-speed
rail node cities have increased, while non-node cities have been marginalized.

2. In 2009, the spatial distribution of urban spot strength based on HSR was uneven,
and the gap was even more pronounced in 2018. In 2018, the size of high-intensity city
clusters was significantly reduced compared with 2009, and the gap with surrounding low-
intensity cities was even more obvious. The heterogeneity of urban point intensity may be
mainly due to the large number of nodes (central cities) with extremely high point intensity.

3. The changes in accessibility, network connectivity, and urban point intensity brought
about by the development of HSR have significantly affected the development of the
secondary and tertiary industries. The rapid development of HSR will bring more benefits
to the business and service economy of the benefiting cities, and at the same time make the
regional economic development gap and the distribution of tertiary industry output value
more polarized and uneven.

4. In all production functions, investment in fixed assets has a positive impact on
economic development and industrial restructuring; the main driving factor for China’s
economic development in the past decade has been a large amount of investment in fixed
assets, and HSR construction is an important part of government investment. Therefore, the
impact of the evolution of the HSR network is not limited to changes in traffic accessibility
and connectivity, but also includes the increase in fixed asset investment to enhance the
level of economic development.

This study investigated the impact of the development of high-speed rail networks
on the sustainability of economic development in the Yangtze River Delta. Empirical
analysis can also provide an important reference for future high-speed rail development
planning and regional economic integration policy formulation. However, this study has
some limitations. First, the changes in intra-city traffic related to the increase in the use
of high-speed rail are not considered. In addition, although the relationship between
high-speed rail and economic development and industrial structure adjustment is complex,
relatively simple production function models are still used to evaluate the impact of the
high-speed rail network. Therefore, the correlation between various related factors remains
to be resolved. In future research, first, it is necessary to strengthen systematic research
on the impact of high-speed rail on economic sustainability, including aspects such as the
efficiency improvement of high-speed rail on economic development, industrial layout,
and spatial connections between cities. Secondly, it is necessary to study whether the
airport, high-speed and other transportation methods will affect the economic benefits of
HSR; Finally, it is necessary to discuss in depth the complex relationship between HSR
and economic development and industrial structure adjustment, as well as the complex
correlation between various related factors.
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