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Abstract: Facility connectivity plays a pioneering role in the Belt and Road Initiative proposed by
General Secretary Xi Jinping in 2013. Xinjiang, as the core area of the Silk Road Economic Belt
bordering eight Eurasian countries, plays a crucial role in cross-border transportation and humanistic
exchanges and is the focus of the national connectivity initiative. While the current analysis on
regional accessibility has become more diversified, analyses on long-distance cross-border corridors
are still relatively rare. Therefore, this paper takes the Xinjiang Uygur Autonomous Region (XUAR)
of China as the main study area extending westward to the five Central Asian countries. Modified
accessibility accounting methods and gravity models are used to analyze the current status of
accessibility and the strength of economic ties between Xinjiang and the five Central Asian countries.
The results showed that the distance decay effect of transportation accessibility between Xinjiang and
the five Central Asian countries is obvious; the constraints of “natural geography + transportation
economy” affect the accessibility level from each state in Xinjiang to the five Central Asian countries
and shows a trend of strength in the north and weakness in the south. From the optimization of
the regional planning road network in a reverse projection, G3033 and other highways and the
construction of the Yi-A railroad will improve the status quo of “east-west access but not north-
south access” in Xinjiang. The “corridor effect” and spatial polarization characteristics of economic
connection intensity from Xinjiang to the five Central Asian countries are significant. This study has
important theoretical and practical significance for the construction of cross-border corridors.

Keywords: cross-border transport corridors; GIS analysis; accessibility; modified gravity model;
China-five Central Asian countries

1. Introduction

Transportation is the foundation for the survival of human society and is a safeguard-
ing industry in the economic and social development of a region [1]. Accompanied by the
development of national transportation infrastructure, the complex modes of transportation
work together to form an efficient, comprehensive transportation system, which is both
an important foundation for the construction of a strong transportation country and an
inevitable choice to promote the opening up and collaboration with the outside world [2].
As an important node for realizing Asia–Europe connectivity, Xinjiang is an important
link for promoting the cross-border transportation market and developing cross-domain
logistics in Central Asia. These factors are of great strategic significance in realizing China’s
economic stability and prosperity.
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At present, along with the continuous promotion of the “One Belt, One Road” initiative,
Xinjiang has changed from the end of the national road network in the west to a bridgehead
for opening up to the west and was identified as the core area of the Silk Road Economic
Belt in 2015 [3]. Combined with Xinjiang’s development orientation of “linking the east
with the west”, the Ministry of Transportation in Xinjiang sought to build a strong pilot
traffic system and facilitate the building of a cross-regional comprehensive transportation
channel construction to support national internal and external circulation and enhance
the country’s facility-connectivity capacity. At present, all 15 first-class national ports in
Xinjiang have access to secondary roads and above, two ports have access to railroads,
and other cross-border railroads and high-grade highways are entering the planning or
design stage one after another. With China’s bilateral and multilateral trade cooperation
with Central Asian countries continuing to deepen, the demand for a Xinjiang–Central Asia
five region transportation market has become increasingly strong. However, according
to the survey, the overall quality of transportation infrastructure in the five Central Asian
countries is at the lower-middle level (Table 1), and the level of regional connectivity has
become a bottleneck restricting cross-border openness and cooperation [4]. Xinjiang and
the five Central Asian countries are located in the same hinterland of the Eurasian continent.
The sparse road network is widely distributed, the node spacing is large, the road network
accessibility is low, and the regional development is presented as a loose polycentric spatial
structure. In addition, the mechanism of the supporting role of Xinjiang’s transportation
infrastructure development on the national economy and social development is significantly
different from that of the inland areas. And the economic and social geographic phenomena
of regional spatial units under different spatial scales are also closely related to the spatial
units of neighboring regions. Therefore, the analysis of the neighboring effects of transport
corridors and road network resources of multi-scale spatial units is crucial for the rational
planning and optimization of the level of connectivity between Xinjiang and Central Asia’s
five countries’ transport infrastructures.

Table 1. Logistics performance index for five Central Asian countries (representing the quality of
trade- and transport-related infrastructure, with a value range of 1–5).

Kazakhstan Uzbekistan Turkmenistan Tajikistan Kyrgyzstan

2010 2.66 2.54 2.24 2 2.09
2012 2.6 2.25 2.31 2.03 2.49
2014 2.38 2.01 2.06 2.36 2.05
2016 2.76 2.45 2.34 2.13 1.96
2018 2.55 2.57 2.23 2.17 2.38

Note: Data from the World Bank (https://data.worldbank.org.cn/ accessed on 10 May 2024).

Along with the further development of the “flow space” theory, basic transportation
planning research has gradually crossed over to the direction of spatial structure [5,6]
and spatial and temporal evolution [7,8]. The different spatial and temporal scales of
road network morphology variables on the economic development of the region along the
measurement conditions are caused by the variability, and determining the spatial scope of
the multi-scale region to build the effectiveness of the transport corridor articulation has
become an important frontier field of transportation management [9,10]. Hence, further
in-depth research on this area is necessary. In the historical study of transportation road net-
work optimization, algorithms are mostly used to optimize the microcirculation within the
urban traffic zone [11]. In contrast, optimization studies with cross-border transportation
corridors as the research object have been relatively fewer. Determining how the existing
road network structure can be used to improve the access capacity of transportation in-
frastructure services to achieve the overall optimization of the road network has become
increasingly urgent.

As one of the important indicators for measuring the service level of regional trans-
portation infrastructure, traffic accessibility has been widely used in the research of urban

https://data.worldbank.org.cn/


Sustainability 2024, 16, 5337 3 of 24

land use [12,13], transportation road network optimization [14,15], and spatial transporta-
tion planning [16,17]. Scholars at home and abroad have used the accessibility index to
assess the spatial effects of transportation infrastructure, focusing on the evolution and
spatial–temporal convergence effects of accessibility brought about by the improvement
of transportation road networks of different scales [18,19]. Relevant research has concen-
trated on the county and city levels [20,21], and research on cross-regional transportation
networks and accessibility has been limited. In terms of research methods, those based on
transportation accessibility are mainly quantitative, including GIS spatial technology [22],
network analysis and cost raster weighted integration [23], economic gravity [24], weighted
regression [25], and weighted travel time [26]. With the development of spatial measure-
ment technology, the inverse distance weight method of spatial measurement, coupled
coordination model, etc., have also gradually become important means of transportation
accessibility research. However, the above accessibility research methods are mostly based
on the time-cost model to consider the layout of a certain urban node, and pay relatively
little attention to the strength of transportation links between different nodes (especially
between cross-border regions).Currently, the literature on the Belt and Road initiative
has focused on transport infrastructure along the Belt and Road and few studies have
focused on transport accessibility and optimal construction of transport corridors. These
studies have focused on the economic spillover effect [27,28], cross-border investment
(FDI) growth [29,30], and the strategic value of infrastructure construction [31,32], and
the relatively economically developed city clusters along the Maritime Silk Road [33,34].
Less research has focused on the relatively backward land transport along the Silk Road
Economic Belt, with particular focus on the Northwest Corridor Belt [35] and the entire
Silk Road Economic Belt [36] as the starting point for discussion.

In summary, the current research on the model algorithms related to traffic accessibility
and road network optimization has been relatively perfect. However, research on their
application to cross-border transportation, especially from the perspective of China and
the five Central Asian countries, has been lacking. How can we evaluate the soundness
of the inter-regional cross-border transportation corridor network after the given cross-
border infrastructure is completed? What role does transportation infrastructure play in
cross-border economic exchanges?

In order to answer these questions, this paper takes the “mobility space” theory as a
benchmark, which takes the optimization of cross-border road networks between Xinjiang
and five Central Asian countries as a main line and measures and analyzes the development
status of cross-border transport corridors and the backward projection after optimization
in two dimensions, so as to provide data references for the optimization of cross-border
transport corridors between China and the five countries of Central Asia (as shown in
Figure 1). The main contribution of this paper is twofold:

• Using the transportation accessibility assessment model combined with policy orien-
tation, it points out the existing problems of the current Xinjiang–Five Central Asian
countries transportation corridor;

• Analyzes the influencing factors leading to the limited accessibility of Xinjiang–Five
Central Asian countries in combination with the current situation of Xinjiang’s cross-
border port infrastructure construction;

• Analyzes the economic effects of improved transport corridors by using backward
projection and the results of the gravity model.
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Figure 1. Framework of mechanism for optimization of Xinjiang–Central Asia transport corridor.

The rest of this paper is organized as follows: Section 2 provides an overview of the
study area and the model used and introduces the data sources. Section 3 analyzes the
spatial pattern of traffic accessibility in Xinjiang–Central Asia’s five cross-border transport
corridors and identifies the problems of the current Xinjiang transport road network.
Section 4 optimizes the cross-border transport corridors for the problems of the existing
road network, analyzes their feasibility comparatively, and conducts economic linkage
measurement analysis of the transport road network before and after optimization by using
the gravity model to explore the internal logic mechanism between road network and
economic and social development to provide theoretical support for the optimization of the
transport infrastructure under the conditions of a sparse road network. Finally, conclusions
are drawn, highlighting the shortcomings and potential for future research.

2. Materials and Methods
2.1. Study Area

The implementation of the Silk Road Economic Belt Initiative has brought opportunities
for the accelerated development of its western provinces and autonomous regions while
maintaining the existing development achievements. The Belt and Road Initiative has further
promoted the balanced development of China’s domestic resources and production. Located
in the core area of The Belt and Road, Xinjiang is an important window for China to open to
the West, with its superior geographical location and rich tourism resources (Figure 2). The
border areas of Xinjiang include nine border prefectures, including Hami Region, Changji
Hui Autonomous Prefecture, Altay Region, Tacheng Region, Bortala Mongolian Autonomous
Prefecture, Ili Prefecture, Aksu Region, Kizilsu Kirgiz Autonomous Prefecture, and Kashgar
Region. The border lines with eight countries are more than 5600 km long (Data from
the website of the People’s Government of Xinjiang Uygur Autonomous Region: https:
//www.xinjiang.gov.cn/ accessed on 21 December 2023), and 17 state-level first-class ports
can be found along the Belt and Road Important Node on the landline (Table 2).

https://www.xinjiang.gov.cn/
https://www.xinjiang.gov.cn/
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Table 2. List of first-class ports in Xinjiang–five Central Asian countries.

No. Name of
Domestic Ports

Major Trading
Countries

Name of Foreign
Ports

Mode of
Transport State/City Port Level

1 Khorgos Kazakhstan Khorgos Roads, Railways,
Pipelines Iliju A class of land

ports

2 Alashankou Kazakhstan Dostyk Roads, Railways,
Pipelines Bozhou

3 Bakhtu Kazakhstan,
Russia Barkot Highways Tacheng Region

4 Jimnai Kazakhstan,
Russia, Mongolia Mehrabchigai Highway,

Pipeline Altai Region

5 Turata
Kazakhstan,

Russia,
Uzbekistan

Koryzat Highway Yili Prefecture

6 Tulgaat Kyrgyzstan Turugart Highway Kesu

7 Ilkhestan Kyrgyzstan,
Uzbekistan Ilkhestan Highway Kashgar Region

8 Karasu Tajikistan,
Uzbekistan Kolbay Pass Highway Kashgar Region

9 Hongqilaf Pakistan Sust Highway Kashgar Region
10 Akhetubek Kazakhstan Alenshevka Highway Altai Region
11 Muzhart Kazakhstan Nalingole Highway Ili Prefecture
12 Urumqi —— —— Aviation Urumqi A class of airports

Data show that by the end of 2022, the bilateral trade volume between China and the
five Central Asian countries reached 70.2 billion US dollars, increasing by about 40% year
on year, hitting a record high, and the direct investment continued to remain stable. For the
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core area of the Silk Road Economic Belt, building and forming the Silk Road economic
transportation hub is one of the necessary conditions to accelerate the promotion of the Belt
and Road Initiative, and the improvement and development of cross-border transportation
channels is the key to allowing full use of its geographical advantages. Therefore, studying
the current situation of transport infrastructure connectivity between Xinjiang and the five
Central Asian countries is of great significance.

2.2. Research Methods
2.2.1. Network-Weighted Accessibility

Network-weighted accessibility refers to the calculated road network density and GDP
indicators being embedded into the weighted-average travel time accessibility model as
weighted terms, which will better reflect the development status of regional transportation
accessibility by considering the transportation network status and urban development level.

(1) Measurement of comprehensive urban development indicators
One of the methods to evaluate the comprehensive development strength of a city is the

factor analysis method, which is developed based on the principal component analysis, and
its basic principle is to extract several major factors to analyze and solve a complex problem.
Hence, this paper uses SPSS v26.0 software to perform Kaiser–Meyer–Olkin (KMO) and
Bartlett sphericity tests on the selected indicators with the help of factor analysis to evaluate
the comprehensive development level of each state in the core area.

The scores of the four common factors G1, G2, G3, and G4 are obtained by multiplying
the collected regional data with the scores of each common factor in the component score
coefficient table, and the expressions of G1, G2, G3, and G4 are as follows [37]:

Gi =
n

∑
k=1

Xk × gi, (i = 1, 2, 3, 4) (1)

where Gi represents the score of the ith common factor, Xk represents the collected and
collated kth data of each region, and gi represents the score coefficient of component i.

According to the variance contribution rate of the four factors and the above calculation
of G1, G2, G3, and G4, the comprehensive strength score G of each region is calculated. The
formula for calculating G is as follows:

G =
Y1

R
G1 +

Y2

R
G2 +

Y3

R
G3 +

Y4

R
G4 (2)

where Yi (i = 1, 2, 3, 4) is the percentage of variance in the sum of squares of the rotational
loads of the four components, and R is the cumulative percentage of the last term in the
sum of squares of the rotational loads.

Because the final calculated comprehensive strength score will have a negative value,
to facilitate the subsequent calculation, the score will be de-negativized without changing
the original ranking order. The formula is as follows:

G′ =
Y − Ymin

Ymax − Ymin
(3)

where G′ is the de-negativised score, Ymin is the smallest of the original scores, and Ymax is
the largest of the original scores.

(2) Accessibility model
Currently, the following three common definitions are used for the accessibility index:

(1) the mutual influence or interaction potential between nodes [38], (2) the number of
opportunities a node can obtain in a transport network [39], and (3) the difficulty for a
node to overcome the spatial barrier when reaching another node [40]. The measurement
methods of accessibility are also divided into three types corresponding to the definitions:
(1) the gravity model, combining the gravitational scale of supply and demand and con-
sidering the spatial effects [41], (2) the cumulative opportunity model, which refers to
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the number of resources that can be obtained from a certain node and considers facilities
and spatial barriers between the supply and demand sides [42], and (3) the cost resistance
model, which calculates the cumulative resistance to public facilities through the shortest
paths [43].

The reachability values chosen in this paper are calculated as follows:

Ti =
n

∑
j=1

tij

n
, i ∈ (1, 2, 3, . . . , n), j ∈ (1, 2, 3, . . . , n) (4)

where tij denotes the minimum time required from node i to node j, and n represents the
number of nodes in the region.

The level of transport accessibility depends on the development of transport and is
also affected by the geographical location conditions and the level of economic develop-
ment. The city, as a combination of transport and other elements of the complex, cannot
be evaluated only from the economic aspects of a single element of the quality of its de-
velopment but from a comprehensive point of view. Therefore, to better measure the level
of urban accessibility and fully consider the impact of urban quality on accessibility, this
paper constructs a system of indicators for evaluating the comprehensive development
quality of a city based on previous studies. The comprehensive accessibility calculation
formula of this paper is as follows:

Ai =
n

∑
j=1

Tβ
ij

Gj Mj
(5)

where Ai is the integrated accessibility index of node i, Mi is the road network density
impact factor, Tij is the travel impedance factor (minimum travel time, Equation (4))
between node i and node j, Gj is the level of comprehensive development of node j
(Equation (2)), β is the the travel friction coefficient of the node cities, reflecting the extent
to which the spatio-temporal barrier affects the accessibility relationship between any node
cities, usually denoted as 1, and n is the total number of nodes.

2.2.2. Economic Linkage Measurement Model-Gravity Model

Models for the measurement of economic ties have emerged in endless succession
according to different research needs. The representative models include the Ryley-Convers,
the potential l, and the gravity models.

By considering the comprehensive conditions of the study area, this paper chooses
the gravity model [4] to measure and analyze the economic linkages. The change in intra-
regional traffic accessibility provides support and conditions for reshaping the pattern of
economic linkages. In the process of applying the gravity model to measure economic
linkages, scholars usually use population and GDP as two indicators to measure the quality
of cities, but in real life, considering only these two indicators is one-sided and exaggerates
the role of population and GDP in the attractiveness of a city. Therefore, combining the data
available in the study area and the research needs of this paper, this paper will correct the
spatial distance and quality in the attractiveness model. The spatial distance in the model
is corrected by the shortest traveling time in the weighted-average traveling time model.
The quality in the model is replaced by the indicator of the comprehensive development
level of the city, and the corrected model is shown as follows:

Tij = P
Mi Mj

D2
ij

(6)

where Tij denotes the size of the gravitational pull between cities i and j; the larger the
value of Tij the stronger the economic linkage and vice versa. Mi and Mj denote the level of
comprehensive development of city i and city j, respectively. Dij denotes the accessibility
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between city i and city j, which is characterized here. P is a constant, which in this paper
takes the value 1.

2.3. Data Sources

This paper collected two types of data: GIS vector data used in mapping and result
visualization analysis and statistical data used in the calculation process.

1. GIS vector data. The map of China and the Xinjiang Uygur autonomous region is
derived from the National Geographic Information Bureau of Surveying and Mapping
Standard Map Service website (http://bzdt.ch.mnr.gov.cn/). The data of Xinjiang’s
administrative divisions (2020) were obtained from the Data Center for Resources
and Environmental Sciences, Chinese Academy of Sciences (https://www.resdc.cn/).
Xinjiang’s 15 prefectures (cities) are taken as the research units, with each unit’s
administrative center abstracted as the representative of that research unit, serving as
nodes in the transportation network. To ensure the coherence of this study, changes
in administrative divisions are not considered in data processing and analysis, only
involving changes in some administrative nodes. The highway and railroad data come
from the New Atlas of Highway Mileage in the Core Uygur Autonomous Region
(2020) published by China Map Publishing House. By vectorizing the atlas and
editing the well-digitized Xinjiang traffic maps, the various types of road networks
in Xinjiang will then be restored, and a spatial database of Xinjiang’s comprehensive
traffic road network will be established, which will ultimately lead to the formation
of an effective map of Xinjiang’s road network. And the required GIS vector data
(including road network data, city node data, and administrative district data) for
the five Central Asian countries are mainly a combination of OpenStreetMap (OSM)
online vector map data and the Global Road Inventory Project (GRIP) dataset. Data
URL: https://www.openstreetmap.org;

2. Statistics. The economic statistics required for this study include the GDP, GDP per
capita, value added of the three industries, and foreign trade exchanges of Xinjiang
and the five Central Asian countries, which are mainly used for the subsequent
measurement of economic linkages using the gravity model. Traffic statistics include
highway and railway mileage data, passenger and cargo volume data, etc. The
above statistics are obtained from statistical yearbooks of provinces and regions of
the National Bureau of Statistics (2021). The trade, GDP, population size, and other
data, such as railway total mileage data from the World Bank public database (https:
//dataworldbankorg/) for each of the five Central Asian countries were obtained.

3. Analysis of Measurement Results
3.1. Overall Accessibility Structure Analysis
3.1.1. Overall Perspective of Xinjiang

The five Central Asian countries are landlocked in Asia and Europe and, thus, do not
have developed water transport systems. The high cost of air transport also means the
volume of air cargo transport in Central Asia is also relatively small. Land transport is
the main means for its external links, and railway and road infrastructure are important
supports for its foreign trade. Therefore, this paper selects two modes of transport, railway
and road, to measure and analyze the traffic accessibility of Xinjiang and the five Central
Asian countries. To facilitate the following analysis of transport accessibility from Xinjiang
as a whole to the five Central Asian countries, this paper uses factor analysis to measure
the comprehensive urban development levels of Xinjiang’s prefectures (the results of which
are shown in Table 3) and calculates the accessibility indices between the Xinjiang Uygur
Autonomous Region (XUAR) and the five Central Asian countries based on the proportion
of weights of the prefectures (municipalities).

http://bzdt.ch.mnr.gov.cn/
https://www.resdc.cn/
https://www.openstreetmap.org
https://dataworldbankorg/
https://dataworldbankorg/
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Table 3. Composite level scores and rankings by region.

Regions G Ranking

Karamay 126.740 8
Shihezi 74.169 11

Kizilsu Autonomous Prefecture 52.906 14
Kashi 521.552 2
Akesu 261.469 4
Hotan 143.101 7

Bayingolin Mongol Autonomous
Prefecture 184.928 6

Hami 104.885 9
Turpan 71.594 12
Ürümqi 762.442 1

Hui Autonomous Prefecture of Changji 230.645 5
Altay 74.864 10

Bortala Autonomous Prefecture 69.0516 13
Kazak Autonomous Prefecture of Ili 264.184 3

Tacheng 30.940 15

Construction is the decisive factor for accessibility due to the level of infrastructure.
Figure 3 shows that the level of accessibility has a positive correlation with the level of
transportation infrastructure construction. As a whole, the accessibility of the Xinjiang
Uygur Autonomous Region to the five Central Asian countries varies greatly (the extreme
difference reaches 11.703). It has the highest level of accessibility to Kazakhstan (11.614)
and the lowest level of accessibility to Turkmenistan (23.317).
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With the continuous promotion of the Belt and Road Initiative, the transportation
infrastructures of the five Central Asian countries are being improved, with Kazakhstan
being far ahead of the other four countries in terms of the degree of improvement of its
transportation infrastructure. Kazakhstan has the best railroad facilities in Central Asia,
with a total mileage of 15,100 km of trunk lines and a density of 5.53 km per 1000 square
kilometers. However, the most important mode of transport in Kazakhstan is not rail-
road transport but road transport, and its road network is the second largest in the CIS
region, only after Russia. Its superior transportation road network conditions, coupled
with China’s continuous promotion of its transportation corridor construction has long
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placed the accessibility from Xinjiang Uygur Autonomous Region to Kazakhstan in the
leading position. Compared to Kazakhstan, Kyrgyzstan and Tajikistan do not have ex-
cellent transportation infrastructure. Kyrgyzstan’s railroad transportation is extremely
underdeveloped; the road mileage is only 34,000 km, but it is responsible for 90% of the
total amount of freight and 99% of the total amount of passenger traffic. Road transport
is the most important mode of transport. Tajikistan is a country with a mountainous area
accounting for about 93% of its territory, and the north–south traffic is very inconvenient.
Its transportation system relies mainly on highways, and road and railroad transportation
are underdeveloped. However, due to the short distance between these two countries and
Xinjiang Uygur Autonomous Region, their traffic accessibility also shows an ideal level,
17.997 and 17.255, respectively. Although the total length of railroads in Uzbekistan is
6500 km, and the mileage of its highways is the highest among the five countries in Central
Asia, the road conditions are poor. Turkmenistan has a railway network that runs from
east to west and from north to south, and the road network is distributed in the shape of
an irregular “big” zigzag. It is only in the past decade that the government has begun to
pay attention to the construction of highways, which are still in the process of develop-
ment. Xinjiang Uygur Autonomous Region does not have borders with Uzbekistan and
Turkmenistan and is separated by Kyrgyzstan and Tajikistan, which are far from each other.
Therefore, even though the transportation network of Uzbekistan and Turkmenistan is
better than that of Kyrgyzstan and Tajikistan, the transportation accessibility from Xinjiang
to these two countries is low, and the accessibility value is as high as 23.316 and 23.0848,
respectively.

3.1.2. Localized Perspectives from the Sub-Provinces

In terms of Xinjiang prefectures (cities), the accessibility from Xinjiang Uygur Au-
tonomous Region prefectures (cities) to the transportation hubs of the five Central Asian
countries is divided into five gradients for exploration (Figure 4). From the viewpoint of
the accessibility sub-region of the study object, the high-accessibility areas are all located in
Urumqi and its surrounding areas at the southern edge of the Junggar Basin. In contrast, the
low-accessibility areas are located in the southern Tarim Basin and the Kunlun Mountains,
indicating a clear trend of weak south and strong north. As shown in Figure 5, accessi-
bility presents significant spatial heterogeneity. Traffic accessibility from Xinjiang regions
to the transport hub nodes of the five Central Asian countries shows obvious distance
characteristics. It is not difficult to see from the figure that the regions present a high level
of accessibility to the close nodes. In contrast, the hub nodes located far from each other
(e.g., Oral, Balkanabat, etc.) have a low level of accessibility.

In the new period, under the promotion of the Belt and Road Initiative, the Xinjiang
Uygur Autonomous Region has been able to open up new channels to and from Xinjiang,
with the G7 Jingxin Expressway and the G30 Lianhuo Expressway serving as the connecting
lines for each other. The highway project of the Horgos Port Section of the G218 Line has
made it possible to form a connection between the western part of China and the inland
areas. It serves as an important logistics channel between China and the European countries,
and together with the Lanzhou–Xinjiang Railway and the Jinghe–Alashankou Highway
constitute the basic skeleton of the China–Europe liner, forming an important logistics
corridor between China and European countries. The G3012 Aksu–Kashgar Expressway,
G3013 Kashgar–Irkeshtan Port Expressway, and other road networks connected with
Kashgar provide a good foundation for the construction and development of the China–
Pakistan economic corridor, which has become an important transportation road network
to Central, West, and North Asia in China. In this context, among the states (cities) in
Xinjiang, the Ili Kazakh Autonomous Prefecture, where the Horgos Port is located, and
the Bortala Mongol Autonomous Prefecture, where the Alashankou Port is located, belong
to the high-accessibility region, with accessibility values of 15.654 and 16.365 (as shown
in Table 4), respectively. In contrast, the Hami and the Hotan Regions are slightly inferior
in terms of accessibility to the five countries of Central Asia (with accessibility values of



Sustainability 2024, 16, 5337 11 of 24

22.506 and 21.489, respectively) because they are located in the southeastern part of Xinjiang,
which is the core hub for connecting with inland regions. However, the development of
comprehensive transportation is still relatively backwards in terms of external access
(21.489) because they are located in the southeast of Xinjiang. While this area serves as the
core hub of Xinjiang and the inland region, its comprehensive transportation development
is still relatively backwards, its external channel is not smooth, the scale of development
is insufficient, the level of transportation services is low, and the distance with the five
Central Asian countries is relatively far, and, hence, the influence of the distance decay
effect means the longer road mileage determines its lower level of accessibility.

Table 4. Accessibility to the five Central Asian countries from all states.

Object Name Accessibility

1 Kashi 17.360737
2 Hotan 21.489181
3 Kazak Autonomous Prefecture of Ili 15.654174
4 Turpan 20.911101
5 Hami 22.506004
6 Altay 21.167596
7 Karamay 18.476972
8 Shihezi 18.341318
9 Hui Autonomous Prefecture of Changji 19.228795

10 Bayingolin Mongol Autonomous
Prefecture 20.495445

11 Tacheng 18.916465
12 Bortala Autonomous Prefecture 16.365121
13 Akesu 19.950989
14 Kizilsu Autonomous Prefecture 17.26055
15 Ürümqi 19.449279

Sustainability 2024, 16, x FOR PEER REVIEW 11 of 25 
 

 
Figure 4. Distribution of accessibility. 

 
Figure 5. Distribution pattern of accessibility to ports by state. 

Figure 4. Distribution of accessibility.



Sustainability 2024, 16, 5337 12 of 24

Sustainability 2024, 16, x FOR PEER REVIEW 11 of 25 
 

 
Figure 4. Distribution of accessibility. 

 
Figure 5. Distribution pattern of accessibility to ports by state. Figure 5. Distribution pattern of accessibility to ports by state.

Kazakhstan, as an important proponent of the Belt and Road Initiative and one of the
first countries to support and participate in its construction, needs to consider its accessibil-
ity. A famous international highway, the “Double Western Highway”, connects western
China with western Europe, passes through Urumqi and Khorgos in Xinjiang and reaches
St. Petersburg, Russia, via core nodes such as Almaty in Kazakhstan, placing Urumqi,
Shihezi, Karamay, Ili Kazakh Autonomous Prefecture, and Bortala Mongol Autonomous
Prefecture at the top of the list of Xinjiang regions reaching Kazakhstan (accessibility values
of 19.297, 18.392, 17.844, 17.885, and 17.786, respectively).

3.2. Import and Export Shore Access Structures
3.2.1. Regional Nodes in Xinjiang–Import and Export

The total number of import and export ports in Xinjiang is 17, among which 11 ports
have access to five Central Asian countries, as shown in Figure 5. Among them, the two
ports of Aheitubek and Muzarte are not yet open. Hence, to comprehensively measure the
overall level of Xinjiang’s opening up to the west, this paper takes the two closed ports into
consideration to explore the distribution pattern of transportation accessibility after the
ports are fully opened, with a view to providing reference for the subsequent opening up
and construction of ports.

Looking at the overall situation of accessibility to the ports from all states in Xinjiang,
accessibility shows obvious spatial heterogeneity (e.g., Figure 5), with a persistent step-over
state of high in the center and low along the edges. At the same time, the accessible spatial
layout is “corridor-type”, with buildings being the determining factor of accessibility due
to the level of infrastructure. The nodes with high accessibility are corridor-type layouts,
which basically overlap with various railroad or highway lines. For example, Urumqi
has a high level of accessibility to Bortala Mongol Autonomous Prefecture and Ili Kazakh
Autonomous Prefecture, which coincides with the Central Asia Railway route.

The Tianshan Mountain range runs east–west and stretches for more than 1700 km,
dividing the core area into north and south, making it “east-west but not north-south.”
Hence, the north–south Tianshan subregion should be considered when exploring the
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pattern of changes in the accessibility of the Xinjiang Uygur Autonomous Region from
one region to another and to each border crossing point. The transportation infrastructure
of the northern Tianshan Mountains urban agglomeration is developing at a faster pace,
and the overall degree of transportation accessibility is higher. Among the land ports
that have opened in Xinjiang, only the two major ports of Horgos and Alashankou have
road and railroad transportation capacity. The rest are all road transportation, and the
infrastructure conditions limit the transportation capacity, restricting the development
of bilateral trade. This phenomenon can be clearly seen in Figure 5, and the level of
accessibility of the areas around the Horgos and Alashankou ports is significantly higher
than that of the other regions (Ili Kazakh Autonomous Prefecture: 7.727125; Bortala Mongol
Autonomous Prefecture: 9.288233; and Karamay City: 8.267107). Locally, the level of
transportation accessibility in the northern border region is significantly higher than that
in the southern border region, due to the positive correlation between transportation
accessibility and the level of comprehensive urban development. In contrast, the urban
agglomerations in the southern border area have slower economic development and lower
levels of comprehensive urban development than those in the northern border area due to
poorer geographic conditions such as natural resources.

3.2.2. Import and Export Bank–Five Central Asian Countries

The XUAR has a large number of ports connected to the five Central Asian countries,
but the differences in the degree of improvement in transportation infrastructure and the level
of accessibility are more obvious. Figure 6 shows the results of accessibility measurement, and
indicates that the average accessibility levels of the Horgos Port and Alashankou Port to the
five Central Asian countries (15.582 and 15.914, respectively) are higher than those of other
ports because, as an important pivot of the China–Europe liner, these two ports are the only
cross-border ports with both road and rail transportation capacity in the whole of Xinjiang,
and their excellent infrastructure determines their higher accessibility.
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As can be seen from the figure, Muzarte port, which is currently closed, is located at
the forefront of the accessibility level (17.31862). Its unique geographic location means it can
be connected to the Layinbek County of Almaty City, Kazakhstan. It is the most convenient
port for the trade of materials from the north and south borders to the countries in Central
Asia, and the opening of this port could have a good diversion effect for the freight traffic
of the Khorgos and Alashankou Ports. After its opening, it can form a better diversion
effect on the cargo volume of the Khorgos and Alashankou Ports. The accessibility of the
Aheitubek Port, another port that has not yet been opened, is less than ideal, being at
the very end (23.077841), a pattern that highlights the results of the coupling of “natural
geography + transportation and economy.” The Aheitubek port is located in the southern
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foothills of the Altai Mountains, which has complicated topographical conditions, and is
located in the high-latitude region of Xinjiang, making it basically impossible to realize
year-round accessibility. Thus, how its transportation infrastructure can be addressed and
strengthening its level of disaster prevention have become priorities for this port.

4. Optimized Road Network Accessibility Outlook

The above analysis shows that transportation accessibility has a significant positive
effect on the urban economy. Therefore, this paper takes the promotion of Xinjiang’s high-
quality development as the fundamental goal. Then, the conclusions of the calculations in
Section 3 for the internal road network of Xinjiang and the cross-border transportation chan-
nels of the ports were combined with the backward projection of the delineation of the road
network project depicted in ArcGIS 10.2 and merged into the existing basic road network
to establish an OD cost matrix for the calculation to improve the level of transportation
infrastructure interconnection of Xinjiang and the five countries in Central Asia and provide
data reference for the construction of Xinjiang cross-border transportation corridors.

4.1. Optimization Strategy Analysis

Road network optimization methods have three forms: discrete form (DNDP), which
adds new sections to the existing road network, continuous form (CNDP), which expands
the capacity of existing sections, and the hybrid form (MNDP), which combines the two. In
this paper, these three forms are considered as the basis for optimizing the internal road
network of the Xinjiang Uygur Autonomous Region to enhance the smoothness of the
external corridors and strengthen the economic and trade links between China and Central
Asia (as shown in Figure 7).
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The Xinjiang Development and Reform Commission (NDRC) pointed out in the
important document, “Promoting high-level opening up of Xinjiang’s ports to the outside
world and making new and important contributions to the construction of the core area”,
that it would vigorously push forward the construction of the China–Jiujiang–Uzbekistan,
China–Pakistan, and Tacheng–Ayaguz railroads and continuously increase the railroad
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capacity of Xinjiang’s ports. From the point of view of discrete forms of adding new
sections, the role of railroad transportation cannot be ignored in the network of road
connections between Xinjiang and the five Central Asian countries. In 1997, at the proposal
of Uzbekistan, China–Jiay–Ukraine reached an agreement on the joint construction of a
railroad. However, because of political, gauge, and financial problems, the construction
of the railroad has continued to be delayed. Construction has not yet begun. Therefore,
this paper uses ArcGIS software to depict the Sino–Japanese–Ukrainian Railway and add
it to the road network data from Xinjiang to the five Central Asian countries to analyze
the improvement of the transportation system in Xinjiang after the completion of the
Sino–Japanese–Ukrainian Railway. In December 2015, China and Kazakhstan signed the
“Outline of China–Kazakhstan Cooperation Plan (2015–2020)”, proposing the construction
of the “Karamay–Baktu–Ayaguz” railroad project, which is the first railroad from Karamay–
Baktu in Xinjiang, China to be built in Xinjiang. The railroad will run from Karamay to
Tacheng in Xinjiang and then pass through Baktu Port (Chinese side) and Bakhti Port
(Kazakh side) to reach Ayaguz in Kazakhstan. The section of the railroad from Keramayi
to Tacheng (K-Tar Railway) opened in May 2019. The Tacheng–Ayaguz Railway passes
through the Baktu Border Crossing, and the completion of this section of the railroad
will make the Baktu Border Crossing another major border crossing connecting Xinjiang
with Kazakhstan after the Horgos and Alashankou Border Crossings. In the continuous
form of expanding the capacity of the original road section, Section 3.1.1 shows that
Tajikistan is mountainous, is affected by the natural geographic conditions and the level of
infrastructure development, is characterized by highways that dominate its transportation,
and that the nearest railroad is also far from Xinjiang. The construction of railroads can only
be connected with Tajikistan through Kyrgyzstan (China–Pakistan Railway). Therefore,
from the perspective of optimizing the road network in Tajikistan, the expansion of the
capacity of the original road section is being considered to enhance traffic accessibility.

In addition to the infrastructure construction of border ports, the well-developed and
perfect transportation system within Xinjiang Autonomous Region and the interconnected
transportation network are more capable of providing a guarantee for the fast and con-
venient trade of goods and can greatly improve the convenience of moving goods from
the place of origin to the border of China. The above analysis shows that a problem of
“east-west through the north and south do not reach” exists in the internal road network
in Xinjiang. To optimize the internal road network in Xinjiang, the north–south access to
the transport system is formed to enhance the level of accessibility of Xinjiang and the five
countries in Central Asia. From the railroad perspective, the regional government work
report puts forward accelerating the construction of modern infrastructure systems. One
of the important works is to actively build the east link west out of the railroad network.
This paper depicts the following railroad line layout scheme as a measure: (1) South Xin-
jiang Ring Railway is the main railroad line in the autonomous region, the formation of
which will significantly improve the traffic conditions in South Xinjiang and will drive
the development of resources along the railroad line and the tourism industry; (2) Yi-Ah
Railway Project as a “ring up within the border, in and out of the border quickly” will be
an important component in the formation of a large railway after the completion of the
railroad. As an important part of the project, the large capacity transportation channel
formed after the completion of the project can save the transportation distance between the
north and south of the border by about 1000 km. It will also serve as an important channel
to promote the coordinated development of the north and south of the border. From the
perspective of the highway, this paper considers the perspective of “access to the north and
south.” It adds three highways planned for construction, G3033, G0711 Wuwei Highway,
and G219 Wensu–Zhaosu section to measure the degree of impact of the construction of
these three highways on Xinjiang’s road network.
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4.2. Analysis of Optimized Traffic Accessibility Results
4.2.1. Optimized Xinjiang–Five Central Asian Countries Accessibility Analysis

From the perspective of Xinjiang as a whole, Table 4 shows that the accessibility values
from Xinjiang to each of the five Central Asian countries have decreased after optimization,
which means the accessibility level of the road network to the five Central Asian countries
has increased significantly. Among them, the optimized accessibility to Kyrgyzstan and
Uzbekistan has the most obvious upward trend. The difference between before and after
the optimization reaches 3.389 and 5.723, respectively, which is due to the optimized road
network of Xinjiang with the support of the Sino–Kyrgyzstan–Uzbekistan Railway, which
upgraded and improved the transportation network between Xinjiang, Kyrgyzstan, and
Uzbekistan. In addition, the construction of the Sino–Kyrgyzstan–Uzbekistan Railway will
form another branch of the Second Asia–Europe Continental Bridge, which is also known
as the southern corridor of the Second Continental Bridge. The western extension of the
Sino–Kyrgyz–Uzbekistan Railway corridor can be extended to the Balkan Peninsula via
Iran and Turkey and across the Istanbul Strait or via Turkmenistan. The Table 5 also shows
that the accessibility value from Xinjiang to Turkmenistan has decreased from 23.317 to
20.061 after optimization, and the accessibility capacity has been significantly improved.
After the construction of the Sino–Japanese–Ukrainian Railway, the international access to
Xinjiang changed from one to two, and this change will certainly have a great influence on
the future economic and social development of Xinjiang. Xinjiang is increasingly becoming
a bridge and hub for the western part of the country and even the whole country to connect
with Central Asia, West Asia, and Europe, and it is at the forefront of China’s opening up
to the West.

Table 5. Xinjiang–Five Central Asian Countries accessibility optimization before and after comparison.

Start End Pre-Optimized Accessibility Post-Optimized Accessibility

Xinjiang Uygur Autonomous
Region

Kazakhstan 11.61346598 10.82303792
Kyrgyzstan 17.99716368 14.60792621
Tajikistan 17.25514973 16.14067615

Turkmenistan 23.31664126 20.06065256
Uzbekistan 23.0848437 17.36132805

The Xinjiang Transportation “14th Five-Year Plan” development plan pointed out that
to form a “fast in and out of the border, the north and south of the border unimpeded,
entry and exit links, the border ring through”, the main skeleton of the channel network,
the road network pattern of east–west connectivity and north–south smoothness will be
comprehensively constructed. To promote the construction of comprehensive transporta-
tion channels, we should not only consider the construction of cross-border transportation
channels for import and export but also measure the degree of perfection of the internal
circulation channels. Therefore, in terms of the dimensions of each state, the optimized
road sections are located in Aksu and Bayin’guoleng Mongol Autonomous Prefecture,
considering the problem of connecting the north and south of the border. The data in
Figure 8 show that after optimization, the accessibility of Aksu and Bayin’guoleng Mongol
Autonomous Prefecture to the five Central Asian countries increased faster compared with
other regions, with accessibility levels of 17.154135 and 18.982982. This indicates that trans-
portation infrastructure construction has a positive relationship with the accessibility level.
In addition, for the Southern Xinjiang region, although the Southern Xinjiang Loop Railway
has been completed and opened to traffic, the international Class II and III railroads (with a
design speed of 120 km/h) account for more of the main lines, resulting in a lower level of
accessibility to the five Central Asian countries for the urban clusters around the Southern
Xinjiang Loop Railway. Therefore, this paper expands the capacity of the railroad section of
the South Xinjiang Ring Road and considers the change in the accessibility situation when
its speed is upgraded to 140 km/h. The table shows that the level of accessibility from the
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city clusters along the South Xinjiang Ring Road Railway to the five Central Asian countries
has improved to a greater extent (Turpan area: 19.111573 and Hotan area: 19.657947), and
the overall spatial agglomeration effect has been significantly strengthened.
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4.2.2. Optimized to Analyze Accessibility from a Port Perspective

The port is the gateway of the country’s opening up to the outside world and a
bridge for foreign exchanges and economic and trade cooperation. It is the intersection of
transportation routes of the transportation network of different modes of transportation
and has become an important part of the country’s or region’s external transportation
system. Thus, analyzing the cross-border transportation accessibility in Xinjiang from the
perspective of the ports is necessary.

Figure 9 shows that the traffic accessibility from each state to the ports before and after
the optimization has undergone obvious changes, and the overall pattern of spatial distri-
bution gradually decreases from the west to the east, with significant spatial differences.
Specifically, the high-accessibility area after optimization gradually shifts to the south
because the planning and construction of G3033, the G0711 Wuwei Expressway, and the
G219 Wensu–Zhaosu Expressway have broken the natural geographic barrier, making the
northern and southern borders accessible, further enhancing the level of traffic accessibility
from the southern border areas to the ports. Influenced by the distance attenuation effect,
the Hotan, Hami, and Altay regions are located in the lowest echelon before and after
optimization. But from the specific value point of view, and influenced by the overall road
network improvement, the traffic accessibility level of this region to the ports also has a
certain degree of enhancement. The difference in accessibility before and after optimization
is 2.169939, 0.957563, and 1.619628, respectively. In the three regions with lower levels
of accessibility, the degree of accessibility improvement in the Hotan region is the most
obvious. The difference between before and after optimization is larger because this paper
will increase the operating speed of the South Xinjiang Loop Railway to 140 km/h. In
contrast, the South Xinjiang Loop Railway, as an important trunk line in the Hotan region,
will lead to the improvement of the overall accessibility of the Hotan region by enhancing
the operating capacity of its road sections.
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From the dimension of transportation performance of each port, after optimization,
Horgos Port and Alashankou Port, as the two major ports of accessibility to the five
Central Asian countries, are still at the forefront (Figure 10). A greater improvement than
before optimization (the value of accessibility after optimization is 13.892568 and 14.552781,
respectively) can be observed. The construction of the Sino–Japanese–Ukrainian Railway
will leave the country through Irkeshtan Port, which means that Irkeshtan Port will become
the first import and export bank in the South Xinjiang region that has the capacity of both
highway and railroad transportation, increasing its traffic accessibility level. The difference
before and after optimization reached 3.30932. In addition, to share the transportation
pressure of Khorgos Port and Alashankou Port, the construction of the “Kelamayi–Baktu–
Ayaguz” railroad project proposed by China and Kazakhstan will greatly improve the
transportation capacity of Baktu Port, and its accessibility value to the five Central Asian
countries has been reduced to 17.551606. At the same time, after expanding the level of road
transportation along the border between Xinjiang and Tajikistan, the level of accessibility
of cross-border crossings in the region has been significantly improved, with the difference
between the before and after values of accessibility of the Karasu crossing reaching 2.627112
and that of the Hongqilav crossing reaching 3.23266.

Sustainability 2024, 16, x FOR PEER REVIEW 19 of 25 
 

the level of accessibility of cross-border crossings in the region has been significantly im-
proved, with the difference between the before and after values of accessibility of the 
Karasu crossing reaching 2.627112 and that of the Hongqilav crossing reaching 3.23266. 

 
Figure 10. Changes in accessibility to the five Central Asian countries via ports before and after 
optimization. 

Two key projects in the planned road network are located in the Ili Kazakh Autono-
mous Prefecture, where the Mulzat Border Crossing is situated, and from the above anal-
ysis, it can be seen that the overall accessibility level of the region has been significantly 
improved, but in terms of the Mulzat Border Crossing, the optimization of the road section 
does not have a large impact on the Mulzat Border Crossing, and the difference between 
the before and after values of its optimization is only 0.507328. Hence, the improvement 
of cross-border traffic levels can not only rely on the optimization of intra-regional road 
networks, but also the coordinated construction of inter-regional transport corridors is 
particularly important. 

4.3. Analysis of Results Based on Gravitational Modeling 
The intensity of inter-regional economic ties is closely related to the level of economic 

development between the two places and the level of accessibility. In this paper, the ma-
trix of the intensity of economic ties between Xinjiang and the five Central Asian countries 
before and after the optimization of the road network can be obtained according to Equa-
tion (6). The spatial simulation and analysis maps of the total economic output of the cities 
along the routes (see Figure 11) were also determined to explore the impact effect of the 
construction of the transport corridors on the economic development of the region. 

From the perspective of Xinjiang as a whole, a positive correlation can be observed 
between the strength of regional economic ties and the construction of transportation cor-
ridors. Table 6 shows the degree of economic ties between Xinjiang and Kazakhstan is 
much higher than that of the other four countries, with the total value of economic ties 
amounting to 44,273.391. Although China’s Xinjiang Uygur Autonomous Region has bet-
ter location conditions bordering Kyrgyzstan and Tajikistan, the low level of economic 
development in Kyrgyzstan and Tajikistan restricts the total economic linkage intensity 
(the total value of economic linkage is 2104.943 and 2013.368, respectively) and the huge 
gap between these two countries and other countries. 

Figure 10. Changes in accessibility to the five Central Asian countries via ports before and after
optimization.

Two key projects in the planned road network are located in the Ili Kazakh Au-
tonomous Prefecture, where the Mulzat Border Crossing is situated, and from the above
analysis, it can be seen that the overall accessibility level of the region has been significantly
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improved, but in terms of the Mulzat Border Crossing, the optimization of the road section
does not have a large impact on the Mulzat Border Crossing, and the difference between
the before and after values of its optimization is only 0.507328. Hence, the improvement
of cross-border traffic levels can not only rely on the optimization of intra-regional road
networks, but also the coordinated construction of inter-regional transport corridors is
particularly important.

4.3. Analysis of Results Based on Gravitational Modeling

The intensity of inter-regional economic ties is closely related to the level of economic
development between the two places and the level of accessibility. In this paper, the matrix
of the intensity of economic ties between Xinjiang and the five Central Asian countries
before and after the optimization of the road network can be obtained according to Equation
(6). The spatial simulation and analysis maps of the total economic output of the cities
along the routes (see Figure 11) were also determined to explore the impact effect of the
construction of the transport corridors on the economic development of the region.
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From the perspective of Xinjiang as a whole, a positive correlation can be observed
between the strength of regional economic ties and the construction of transportation
corridors. Table 6 shows the degree of economic ties between Xinjiang and Kazakhstan
is much higher than that of the other four countries, with the total value of economic
ties amounting to 44,273.391. Although China’s Xinjiang Uygur Autonomous Region has
better location conditions bordering Kyrgyzstan and Tajikistan, the low level of economic
development in Kyrgyzstan and Tajikistan restricts the total economic linkage intensity
(the total value of economic linkage is 2104.943 and 2013.368, respectively) and the huge
gap between these two countries and other countries.

Table 6. Xinjiang–Central Asia five countries accessibility optimization before and after comparison.

Origin Destination Economic Gravitation

Xinjiang Uighur Autonomous
Region

Kazakhstan 44,273.39148
Kyrgyzstan 2104.943609
Tajikistan 2013.367931

Turkmenistan 15,498.79247
Uzbekistan 10,548.44348
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In terms of the states, the figure shows that the total amount of economic ties between
the cities along the cross-border transportation corridors in Xinjiang and the five Central
Asian countries shows the following spatial characteristics:

(1) Significant “corridor effect”. Before and after the optimization of the road network,
the total amount of economic ties between Xinjiang states (cities) and the five Cen-
tral Asian countries varies significantly, with Urumqi, Ili Kazakh Autonomous Pre-
fecture, Aksu, and other cities with larger economic ties concentrated along the
China–European liner and the Sino–Japanese–Ukraine Railway, which shows that
transportation corridors have become an important link for enhancing the economic
ties between the cities. The resulting economic axis, that of the Longhai–Lanxin
Economic Belt and the Belt and Road Economic Corridor, play an important role
in reshaping the spatial and economic connection patterns of cross-border urban
agglomerations in the Xinjiang Uygur Autonomous Region;

(2) Spatial polarization is remarkable. The results before and after the optimization of the
road network show a spatial distribution pattern with Urumqi and Yili–Aksu as the
double core radiating outwards, with the centrality of Urumqi and Yili–Aksu obvious
and increasing, and with the closest external economic ties, with the total amount of
economic ties ranking in the first two places. Compared with this, the transportation
network density in the southern Xinjiang region has a bigger gap than that of the city
cluster on the north slope of Tianshan Mountain and the eastern Xinjiang region. The
passenger transportation structure of some cities is still dominated by highways, with
the slow flow of economic factors and not very close links between each other. Hence,
an obvious regional imbalance in the economic development of the city clusters in the
Xinjiang Uygur Autonomous Region exists, and the economic development potential
of other cities needs to be further enhanced.

5. Discussion

This paper measures the level of cross-border transportation corridor construction
between Xinjiang and five Central Asian countries by applying the accessibility factor. The
study shows that, on the whole, the accessibility status is positively correlated with the level
of transportation infrastructure construction and city size and negatively correlated with
the city distance, with an obvious distance attenuation effect. In terms of the accessibility
sub-region of the study object, the high-accessibility areas are all located in Urumqi and its
surrounding areas at the southern edge of the Junggar Basin, while the low-accessibility ar-
eas are located in the south of the Tarim Basin and the Kunlun Mountains. The accessibility
level from each prefecture in Xinjiang to the five Central Asian countries shows a strong
north and weak south trend, with a “corridor” spatial layout.

From the backward projection of the optimization of the regional planning road
network, the construction of the G3033, G0711 Wuwei Highway, G219 Wensu-Zhaosu
section, and Yi-A railroad will improve the phenomenon of “east-west access but north-
south inaccessibility”, which will drive the accessibility of the Aksu region and the urban
agglomerations of the Southern Xinjiang region to the cross-border border crossings. The
construction of the Baktu–Ayaguz project and the Sino–Japanese–Ukrainian Railway project
will initially realize the road network pattern of “one axis (Lanzhou–Xinjiang Railway and
Lanzhou–Xinjiang High-speed Railway), three outbound routes (the central Lanzhou–
Xinjiang line, the northern Linha line, and the southern Geku line), two loops (the northern
and southern Xinjiang loops), and two outbound routes (the Alashankou and the Khorgos
Ports), comprehensively upgrading the cross-border transportation corridors of Xinjiang.
The absence of major changes before and after the optimization of the road network at the
Mulzat crossing implies that the optimization of cross-border transport corridors requires
the joint efforts of the countries on both sides, which demonstrates the importance of
coordinated construction of interregional transport corridors.

Therefore, Xinjiang must rely on policy opportunities, give full play to the collection
and distribution functions and hub advantages of the China–EU train consolidation center,
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and build a “channel + hub + network” system to build a logistics hub system, forming a
“fast inbound and outbound, smooth north and south of the border, inbound and outbound,
within the border ring up” as the main skeleton network of large channels and provide
strong support for Xinjiang’s high-quality economic development and integration into the
new development pattern. Specific recommendations are as follows:

(1) Create the core area of the Silk Road Economic Belt, from “economic and trade
cooperation + transportation corridor + logistics hub” organic integration. At present,
the Asia–Europe Land Bridge Economic Corridor around the transportation road
network has been perfect. However, to promote economic and trade exchanges
between China and European countries, the construction of logistics corridors in the
region needs to be sped up. China’s economic corridors to Central Asia are mostly still
in the initial stage of construction, so the level of construction should be improved, the
construction process should be accelerated, and the goal of access should be realized
as soon as possible;

(2) The focus is on enhancing the construction of the southwest corridor in the core
area of the Silk Road Economic Belt and strengthening the level of transportation
accessibility in the desert hinterland, such as the Hotan and Kashgar regions, as well
as the southern part of the Bayin’guoleng Mongol Autonomous Prefecture. Due to
the natural geography of deserts or high mountain ranges, the urban characteristics
of “large dispersion and small agglomeration” vastly increases the distances between
cities and towns in this region. The time cost is higher than in other regions, and
thus, economic links between urban development and urban development are heavily
dependent on the ability of transportation to reach them;

(3) To further improve the construction capacity and level of the middle corridor of the
Silk Road Economic Belt, the construction of high-grade railroads and highways
is moderately ahead of schedule, and a highly efficient combination of railroads
and highways is being built. The Tianshan Mountain Range is located in the middle
corridor of the Silk Road Economic Belt, and the geological conditions are harsh; hence,
determining the most suitable construction technology for the complex terrain and
the breaking of geographic zoning are the most important factors in the construction
of the transportation road network in the core area. Therefore, improving the level
of construction in this region will not only promote the economic development of
the desert hinterland and mountainous towns in the core zone but also enhance the
level of accessibility of the core zone to Central and West Asian countries, such as
Kazakhstan, Bangladesh, China, India, and Myanmar;

(4) Mutual political trust is the basis for cooperation between the two countries. Because
of its unique geographical location, Central Asia has become the center of international
geopolitical competition. Political stability is a prerequisite for economic develop-
ment, and transportation development is also a prerequisite for political stability.
The shelving of the Sino–Japanese–Ukrainian Railway could be attributed to political
reasons. Therefore, in terms of political mutual trust, strengthening bilateral communi-
cation, avoiding violent conflicts, establishing and maintaining friendly partnerships
with Central Asian countries, and working together towards the goal of realizing
intra-regional interconnection and economic prosperity, unity and cooperation, and
common development are important.

6. Conclusions

This paper explores the overall spatial and local spatial evolution structure of cross-
border transportation access in Xinjiang through the analysis of the temporal accessibility
distribution pattern of Xinjiang–Central Asia five countries and finds that the development
of Xinjiang and the five countries in Central Asia presents a loose polycentric spatial
structure. It is generally believed that transport corridors have a strong positive correlation
with regional economic development, and this paper utilizes the gravity model to carry out
the analysis of economic linkage measurement and elucidate the mechanism and driving
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force between transport corridors and regional economic space. Finally, based on the overall
spatial structure of cross-border transport corridors within Xinjiang Autonomous Region,
Xinjiang, and the five Central Asian countries and the real conditions of the formation of
transport corridors, this paper conducts a backward deduction in conjunction with the
planning of the road network project to form an optimization strategy by considering the
measurement of the economic linkage.

Therefore, this study breaks through the basic theories and methods of road network
optimization under the sparse road network model, provides management support for the
optimization of the Xinjiang–Central Asia road network and the formulation of regional
multilateral policies, and enriches the related research on cross-border transport corridors
in western China. In addition, this study is of great practical significance for accelerating
the integration of Xinjiang into the new development pattern of the “double cycle”, the
implementation of the Western development strategy, the deployment of the Belt and Road
Initiative, and the construction of cross-border transportation connectivity.

However, this study only focuses on Xinjiang and five Central Asia countries. It
does not comprehensively cover Xinjiang–Europe, China–Mongolia–Russia, and Xinjiang–
South Asia, and, hence, might not cover the entire Xinjiang Uygur Autonomous Region’s
“port economic belt.” In the future, economic and trade cooperation between Xinjiang and
Europe, Mongolia and Russia, Southeast Asia, and South Asia should be explored further.

Author Contributions: Conceptualization, X.D. and M.L.; methodology, Q.L. and M.L.; data cura-
tion, M.L.; writing—original draft preparation, M.L.; writing—review and editing, X.D. and Q.L.;
supervision, X.D. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by Xinjiang Key R&D Program Projects (grant numbers
2022B03033-1) and the Xinjiang Uygur Autonomous Region “Dr. Tianchi” Project.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Qiang Lin was employed by the company Xinjiang Transportation
Investment Technology Co., Ltd. The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed as a potential
conflict of interest.

References
1. Liu, R.; Chen, Y.; Wu, J.; Xu, T.; Gao, L.; Zhao, X. Mapping spatial accessibility of public transportation network in an urban

area—A case study of Shanghai Hongqiao Transportation Hub. Transp. Res. Part D Transp. Environ. 2018, 59, 478–495. [CrossRef]
2. Giuffrida, N.; Binetti, M.; Viscio, S.; Ottomanelli, M. A Simplified Framework for the Equity-Based Spatial Assessment of

Alternative Public Transport Networks. Sustainability 2022, 14, 16606. [CrossRef]
3. Li, S.; Li, J.; Wang, H.; Yang, Z.; Liu, X.; Lei, C. Impact of transport superiority on ecosystem health in arid regions: A case study

of Southern Xinjiang, China. Ecol. Indic. 2024, 162, 112054. [CrossRef]
4. Zhang, X.; Liu, C.; Peng, Y.; Lu, J. Connectivity-based spatial patterns and factors influencing international container multimodal

hubs in China under the Belt and Road initiative. Transp. Policy 2023, 143, 10–24. [CrossRef]
5. Wang, L.; Du, K.; Shao, S. Transportation infrastructure and carbon emissions: New evidence with spatial spillover and

endogeneity. Energy 2024, 297, 131268. [CrossRef]
6. Xiao, C.; Wang, Y.; Yan, M.; Chiaka, J.C. Impact of cross-border transportation corridors on changes of land use and landscape

pattern: A case study of the China-Laos railway. Landsc. Urban Plan. 2024, 241, 104924. [CrossRef]
7. Zhang, L.; Weng, D.; Xu, Y.; Hong, B.; Wang, S.; Hu, X.; Zhang, Y.; Wang, Z. Spatio-temporal evolution characteristics of carbon

emissions from road transportation in the mainland of China from 2006 to 2021. Sci. Total. Environ. 2024, 917, 170430. [CrossRef]
[PubMed]

8. Lu, H.; Xiao, C.; Jiao, L.; Du, X.; Huang, A. Spatial-temporal evolution analysis of the impact of smart transportation policies on
urban carbon emissions. Sustain. Cities Soc. 2024, 101, 105177. [CrossRef]

9. Qi, Y.; Harrod, S.; Psaraftis, H.N.; Lang, M. Transport service selection and routing with carbon emissions and inventory costs
consideration in the context of the Belt and Road Initiative. Transp. Res. Part E Logist. Transp. Rev. 2022, 159, 102630. [CrossRef]

https://doi.org/10.1016/j.trd.2018.01.003
https://doi.org/10.3390/su142416606
https://doi.org/10.1016/j.ecolind.2024.112054
https://doi.org/10.1016/j.tranpol.2023.09.006
https://doi.org/10.1016/j.energy.2024.131268
https://doi.org/10.1016/j.landurbplan.2023.104924
https://doi.org/10.1016/j.scitotenv.2024.170430
https://www.ncbi.nlm.nih.gov/pubmed/38281632
https://doi.org/10.1016/j.scs.2024.105177
https://doi.org/10.1016/j.tre.2022.102630


Sustainability 2024, 16, 5337 23 of 24

10. Shen, C. The Impact of Infrastructure Development on China–ASEAN Trade-Evidence from ASEAN. Sustainability 2023, 15, 3277.
[CrossRef]

11. Monfared, M.; Rezazadeh, M.; Alipour, Z. Road networks reliability estimations and optimizations: A Bi-directional bottom-up,
top-down approach. Reliab. Eng. Syst. Saf. 2022, 222, 108427. [CrossRef]

12. Pekdemir, M.I.; Altintasi, O.; Ozen, M. Assessing the Impact of Public Transportation, Bicycle Infrastructure, and Land Use
Parameters on a Small-Scale Bike-Sharing System: A Case Study of Izmir, Türkiye. Sustain. Cities Soc. 2024, 101, 105085. [CrossRef]

13. Guo, Y.; Zhu, Z.; Jiang, X.; Chen, T.; Li, Q. Analyzing the Impacts of Land Use and Network Features on Passenger Flow
Distribution at Urban Rail Stations from a Classification Perspective. Sustainability 2024, 16, 3568. [CrossRef]

14. Wen, H.; Ye, Y.; Zhang, L. Optimizing road networks in underdeveloped regions for improving comprehensive efficiency
integrated by accessibility, vulnerability and socioeconomic interaction. Reliab. Eng. Syst. Saf. 2024, 243, 109848. [CrossRef]

15. Zhang, G.; Jia, N.; Zhu, N.; He, L.; Adulyasak, Y. Humanitarian transportation network design via two-stage distributionally
robust optimization. Transp. Res. Part B Methodol. 2023, 176, 108222. [CrossRef]

16. Zhu, W. A spatial decision-making model of smart transportation and urban planning based on coupling principle and Internet
of Things. Comput. Electr. Eng. 2022, 102, 108222. [CrossRef]

17. Anwar, A.; Leng, H.; Ashraf, H.; Haider, A. Measuring the Transit-Oriented Development (TOD) Levels of Pakistani Megacities
for TOD Application: A Case Study of Lahore. Sustainability 2024, 16, 2209. [CrossRef]

18. Chen, Z.; Li, Y.; Wang, P. Transportation accessibility and regional growth in the Greater Bay Area of China. Transp. Res. Part D:
Transp. Environ. 2020, 86, 102453. [CrossRef]

19. Iamtrakul, P.; Chayphong, S. Exploring Spatial Accessibility to Urban Activities Based on the Transit-Oriented Development
Concept in Pathum Thani, Thailand. Sustainability 2024, 16, 2195. [CrossRef]

20. Mitra, S.K.; Saphores, J.-D.M. The value of transportation accessibility in a least developed country city—The case of Rajshahi
City, Bangladesh. Transp. Res. Part A: Policy Pr. 2016, 89, 184–200. [CrossRef]

21. Zarrinpanjeh, N.; Javan, F.D.; Azadi, H.; Viira, A.-H.; Kurban, A.; Witlox, F. Commuters’ accessibility to transportation lifelines in
Karaj city, Iran: A fuzzy approach. Sustain. Cities Soc. 2022, 85, 104037. [CrossRef]

22. Inanloo, B.; Tansel, B.; Shams, K.; Jin, X.; Gan, A. A decision aid GIS-based risk assessment and vulnerability analysis approach
for transportation and pipeline networks. Saf. Sci. 2016, 84, 57–66. [CrossRef]

23. Lee, P.T.-W.; Lee, S.-W.; Hu, Z.-H.; Choi, K.-S.; Choi, N.Y.H.; Shin, S.-H. Promoting Korean international trade in the East Sea
Economic Rim in the context of the Belt and Road Initiative. J. Korea Trade 2018, 22, 212–227. [CrossRef]

24. Hou, W.; Shi, Q.; Guo, L. Impacts of COVID-19 pandemic on foreign trade intermodal transport accessibility: Evidence from the
Yangtze River Delta region of mainland China. Transp. Res. Part A Policy Pr. 2022, 165, 419–438. [CrossRef]

25. Shi, H.; You, Z.; Feng, Z.; Yang, Y. Numerical Simulation and Spatial Distribution of Transportation Accessibility in the Regions
Involved in the Belt and Road Initiative. Sustainability 2019, 11, 6187. [CrossRef]

26. Castanho, R.A.; Vulevic, A.; Fernández, J.C.; Fernández-Pozo, L.; Gómez, J.M.N.; Loures, L.C. Accessibility and Connectivity—
Movement between Cities, as a Critical Factor to Achieve Success on Cross-Border Cooperation (CBC) Projects. A European
Analysis. Sustain. Cities Soc. 2017, 32, 181–190. [CrossRef]

27. Wang, C.; Lim, M.K.; Zhang, X.; Zhao, L.; Lee, P.T.-W. Railway and road infrastructure in the Belt and Road Initiative countries:
Estimating the impact of transport infrastructure on economic growth. Transp. Res. Part A Policy Pract. 2020, 134, 288–307.
[CrossRef]

28. Tong, Y.; Zhou, C.; Lin, J.; Tan, C.; Tang, W. Coupling Analysis of the Road-Network Spatiotemporal Distribution and the
Economy in B&R Countries Based on GIS. Sustainability 2022, 14, 8419. [CrossRef]

29. Zheng, S.; Chen, X.; Dong, K.; Wang, K.; Fu, X. Joint investment on resilience of cross-country transport infrastructure. Transp.
Res. Part A: Policy Pr. 2022, 166, 406–423. [CrossRef]

30. Chen, M.X.; Lin, C. Geographic connectivity and cross-border investment: The Belts, Roads and Skies. J. Dev. Econ. 2020, 146,
102469. [CrossRef]

31. de Soyres, F.; Mulabdic, A.; Ruta, M. Common transport infrastructure: A quantitative model and estimates from the Belt and
Road Initiative. J. Dev. Econ. 2019, 143, 102415. [CrossRef]

32. Li, Y.; Zhao, Y.; Yao, X. Does the Belt and Road Initiative upgrade the global value chain for BRI Countries: Revealing the
substantial role of infrastructure. Int. Rev. Econ. Finance 2024, 89, 832–842. [CrossRef]

33. Celik, M.S. Determining maritime silk road strategies for ports along the route of belt and road initiative: A case of eastern
Aegean ports. Res. Transp. Bus. Manag. 2023, 51, 101056. [CrossRef]

34. Mou, N.; Wang, C.; Yang, T.; Ren, H.; Zhang, L.; Xu, H.; Liu, W. Spatiotemporal patterns of maritime trade between China
and Maritime Silk Road: Evidence from a quantitative study using social network analysis. J. Transp. Geogr. 2022, 102, 103387.
[CrossRef]

35. Qin, X.; Qian, Y.; Zeng, J.; Wei, X. Accessibility and Economic Connections between Cities of the New Western Land–Sea Corridor
in China—Enlightenments to the Passageway Strategy of Gansu Province. Sustainability 2022, 14, 4445. [CrossRef]

36. Wei, H.; Lee, P.T.-W. Designing a coordinated horizontal alliance system for China’s inland ports with China railway express
platforms along the Silk Road Economic Belt. Transp. Res. Part E: Logist. Transp. Rev. 2021, 147, 102238. [CrossRef]

37. Fan, S.; Rong, L.; Yu, C.; Xinmin, G.; Manzhe, X. Factor Analysis Evaluation of Asphalt Pavement Performance Considering
Structural Strength and Hidden Cracks. Constr. Build. Mater. 2023, 408, 133651.

https://doi.org/10.3390/su15043277
https://doi.org/10.1016/j.ress.2022.108427
https://doi.org/10.1016/j.scs.2023.105085
https://doi.org/10.3390/su16093568
https://doi.org/10.1016/j.ress.2023.109848
https://doi.org/10.1016/j.trb.2023.102805
https://doi.org/10.1016/j.compeleceng.2022.108222
https://doi.org/10.3390/su16052209
https://doi.org/10.1016/j.trd.2020.102453
https://doi.org/10.3390/su16052195
https://doi.org/10.1016/j.tra.2016.05.002
https://doi.org/10.1016/j.scs.2022.104037
https://doi.org/10.1016/j.ssci.2015.11.018
https://doi.org/10.1108/JKT-03-2018-0015
https://doi.org/10.1016/j.tra.2022.09.019
https://doi.org/10.3390/su11226187
https://doi.org/10.1016/j.scs.2017.03.026
https://doi.org/10.1016/j.tra.2020.02.009
https://doi.org/10.3390/su14148419
https://doi.org/10.1016/j.tra.2022.11.004
https://doi.org/10.1016/j.jdeveco.2020.102469
https://doi.org/10.1016/j.jdeveco.2019.102415
https://doi.org/10.1016/j.iref.2023.10.046
https://doi.org/10.1016/j.rtbm.2023.101056
https://doi.org/10.1016/j.jtrangeo.2022.103387
https://doi.org/10.3390/su14084445
https://doi.org/10.1016/j.tre.2021.102238


Sustainability 2024, 16, 5337 24 of 24

38. Xu, L.; Shi, J.; Chen, J.; Li, L. Estimating the effect of COVID-19 epidemic on shipping trade: An empirical analysis using panel
data. Mar. Policy 2021, 133, 104768. [CrossRef] [PubMed]

39. Cascetta, E.; Cartenì, A.; Montanino, M. A behavioral model of accessibility based on the number of available opportunities. J.
Transp. Geogr. 2016, 51, 45–58. [CrossRef]

40. Levinson, D.M.; Wu, H. Towards a general theory of access. J. Transp. Land Use 2020, 13, 129–158. [CrossRef]
41. Ghorbanzadeh, M.; Kim, K.; Ozguven, E.E.; Horner, M.W. Spatial accessibility assessment of COVID-19 patients to healthcare

facilities: A case study of Florida. Travel Behav. Soc. 2021, 24, 95–101. [CrossRef] [PubMed]
42. Kelobonye, K.; Zhou, H.; McCarney, G.; Xia, J. Measuring the accessibility and spatial equity of urban services under competition

using the cumulative opportunities measure. J. Transp. Geogr. 2020, 85, 102706. [CrossRef]
43. Páez, A.; Anjum, Z.; Dickson-Anderson, S.E.; Schuster-Wallace, C.J.; Ramos, B.M.; Higgins, C.D. Comparing distance, time,

and metabolic energy cost functions for walking accessibility in infrastructure-poor regions. J. Transp. Geogr. 2019, 82, 102564.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.marpol.2021.104768
https://www.ncbi.nlm.nih.gov/pubmed/34493890
https://doi.org/10.1016/j.jtrangeo.2015.11.002
https://doi.org/10.5198/jtlu.2020.1660
https://doi.org/10.1016/j.tbs.2021.03.004
https://www.ncbi.nlm.nih.gov/pubmed/33777697
https://doi.org/10.1016/j.jtrangeo.2020.102706
https://doi.org/10.1016/j.jtrangeo.2019.102564

	Introduction 
	Materials and Methods 
	Study Area 
	Research Methods 
	Network-Weighted Accessibility 
	Economic Linkage Measurement Model-Gravity Model 

	Data Sources 

	Analysis of Measurement Results 
	Overall Accessibility Structure Analysis 
	Overall Perspective of Xinjiang 
	Localized Perspectives from the Sub-Provinces 

	Import and Export Shore Access Structures 
	Regional Nodes in Xinjiang–Import and Export 
	Import and Export Bank–Five Central Asian Countries 


	Optimized Road Network Accessibility Outlook 
	Optimization Strategy Analysis 
	Analysis of Optimized Traffic Accessibility Results 
	Optimized Xinjiang–Five Central Asian Countries Accessibility Analysis 
	Optimized to Analyze Accessibility from a Port Perspective 

	Analysis of Results Based on Gravitational Modeling 

	Discussion 
	Conclusions 
	References

