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Abstract: In the context of rapid urbanization, inefficient, disorderly, and low-density urban sprawl
often leads to resource waste and ecological damage. Over the decades, many studies on the mea-
surement, analysis, and governance of urban sprawl have emerged. However, existing approaches
lack in-depth research on distinguishing effective expansion from inefficient sprawl. Given the limit
of land use resources and the demand for urban development, an accurate and reasonable method for
urban sprawl measurement is needed. This study proposes an urban sprawl identification method
based on a mechanical equilibrium model to analyze the spatial distribution and spatiotemporal
evolution characteristics of inefficient sprawl, using the Yangtze River Delta’s (YRD) urban agglomer-
ation as an example. The study found the following: (1) The inefficient sprawl in the YRD was 5219,
1189, and 980 km? in the three five-year periods between 2005 and 2020. (2) From 2005 to 2020, the
inefficient sprawl in the YRD was, on the whole, a weakening trend, but Shanghai and Zhoushan
showed an accelerating trend of inefficient sprawl. (3) The proposed method is applicable to most
urban development patterns and provides implications for urban sprawl control in mega-urban
agglomeration areas, such as the YRD.

Keywords: urban sprawl measurement; mechanical equilibrium model; urban agglomerations;
spatial governance

1. Introduction

Accompanied by urbanization and industrialization for decades, urban sprawl, which
is defined as an inefficient, disorderly, and low-density development mode (i.e., negative
urban expansion), has emerged and developed rapidly [1]. Urban agglomeration is an
aggregate of cities within certain geographic areas, which often vary in size, function,
and characteristics [2]. Diverse elements, such as population, capital, and technology,
are gathered in urban agglomeration areas, leading to a solid economic aggregation and
radiation capacity [3]. Urban agglomeration has become an important development focus of
countries and regions worldwide and is one of the main drivers of regional socioeconomic
growth. For example, urban agglomeration in the New York Bay area, the Tokyo Bay area,
and the London metropolitan area have been great drivers of globalization. In China, urban
agglomeration in the Yangtze River Delta (YRD) region, Beijing-Tianjin—-Hebei region, and
Guangdong-Hong Kong-Macao Greater Bay area have also become essential carriers of
China’s economy, industry, and technological innovation [4].

Despite the importance of urban agglomeration for regional development, the rapid
expansion of urban space has also occupied a large amount of rural and ecological space,
adding pressure to the eco-environment. In the process of urban expansion, inefficient
and disorderly land construction, which is known as “urban sprawl”, has emerged for
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reasons such as resource mismatching, the imbalance between supply and demand, and
competition among local governments [5,6]. Urban sprawl has worsened the human-land
relationship, leading to negative results such as damage to biodiversity, the destruction
of wetland resources, reduction of arable land resources, increased carbon emissions, and
fragmentation of land use, which seriously affect the sustainable development of cities [7,8].
Therefore, measuring the spatial and temporal characteristics of urban sprawl in urban
agglomeration and analyzing governance strategies are globally important issues.

To summarize the methods of urban sprawl measurement in previous studies, the
metrics have expanded from one dimension to multiple dimensions, and the methods
have been improved from qualitative to quantitative methods. However, existing studies
lack in-depth consideration for distinguishing efficient expansion from inefficient sprawl.
Especially for urban clusters, the large number and types of cities in the region require a
certain amount of land space to ensure the needs of regional construction and development,
which puts demands on the efficient use of land. Although some studies have considered
the relationship between land use, population, and industry [9,10], they have not clearly
proposed a quantitative measurement to distinguish between effective expansion and ineffi-
cient sprawl. The development of cities involves the spatial expansion of construction land.
With limited land resources, urban construction must balance the relationship between
land exploitation, socioeconomic development, and ecological environmental protection.
Land exploitation refers to the way and purpose for which land is utilized in different times
and spaces, including construction land and agricultural land. Socioeconomic development
refers to changes and developments in demographic, economic, and social activities over
time. Ecological and environmental protection, on the other hand, prioritizes the protection
of ecological safety and maximizes the benefits of ecosystem services in the process of
land use in order to achieve the dual goals of socioeconomic development and ecological
environmental protection. It is necessary to formulate a sustainable land use policy and
combine it with socioeconomic development so as to realize a win-win situation for both
the ecological environment and the socioeconomy. Therefore, whether urban expansion is
effective or not must be distinguished.

To address the research gap, this study distinguishes inefficient urban sprawl from
efficient urban expansion on the basis of multiple dimensions, including socioeconomic
development, urban spatial expansion, and urban function improvement. Socioeconomic
development refers to urban population growth and economic development; urban spatial
expansion indicates the expansion of construction land in the city, which is the material spa-
tial condition for urban expansion discriminations; and urban function improvement refers
to the improvement of infrastructure and the development of functional areas, reflecting
whether the urban development can meet the living needs of residents. A synchronized and
coordinated relationship between the three dimensions indicates effective development;
otherwise, urban sprawl occurs, especially when the urban space expands faster than
socioeconomic development and urban function improvement. A mechanical equilibrium
model is applied to measure this relationship. The mechanical equilibrium model is a tool
which was first used in physics to analyze the coordination relationships between various
subsystems and is now being extended to urban research fields, such as tradeoff-synergy
analysis of land use functions [11] and coordination analysis of production-life—ecology
functions [12]. In this study, the model is applicable because identifying urban sprawl
by judging the development of the three dimensions is necessary. To test and evaluate
the model, this study first conducts a pre-experiment, and then the proposed method is
extended to the YRD to analyze the spatial distribution and spatiotemporal evolution of
urban sprawl. The Conclusions section of this study proposes strategies for managing
urban sprawl in the YRD region.

Figure 1 shows the structural organization of this study.
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Figure 1. The flow chart.

2. Literature Review

2.1. Measurement of Urban Sprawl in Previous Studies

‘ Spatio-temporal evolution

Spatial governance

Identification results

strategies for urban sprawl

Urban sprawl is a spatially inefficient, disorderly, and chaotic development pattern.
Therefore, studies have often measured the extent of urban sprawl by adopting indicators
that reflect this spatial disorder in different dimensions. Common subdimensions include
area, density, shape, and topological relationships. As shown in Table 1, this study classifies
the indicators of urban sprawl in terms of land, function, and economy and evaluates them
in terms of four aspects: area, density, shape, and topological relationship.

Table 1. Main urban sprawl measurements and indicated characteristics.

Category Index Area

Density

Shape Topological Relation

Urban elasticity index + [13]
Population-urban expansion
index + [14]

Built-up area per capita + [15]
Urban sprawl index * [16]
Land use geospatial indices # [10]

Land

Urban sprawl matrix # [17]
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Table 1. Cont.

Category

Index Area Density Shape Topological Relation

Function

Compactness * [18]
Shannon’s entropy index * [19]
Expansion difference composite

index * [20]

Landscape metrics * [21]

Economics

Degree of equal distribution * [22]
Percentage of employment
outside a certain distance coming
from the CBD * [23]

Residential area per capita * [24]

Sprawl index of the

population * [16]

“*7, "+, and “#” identify the statistical indicators of space, time, and spatiotemporality, respectively.

Studies on the measurement of urban sprawl have been conducted, including single
indicator descriptions, comprehensive evaluations, and entropy models. However, urban
sprawl is an inefficient, low-density, and disorderly development pattern, indicating the
incompatibility between socioeconomic development, urban spatial expansion, and urban
function improvement. Moreover, the existing measurement methods fail to measure the
balance of the indicators. In this study, the mechanical equilibrium model was selected to
measure the indicators.

Despite the rich discussion of urban sprawl models, the following two essential aspects
have been insufficiently studied: (1) Limitations to urban functions in urban construction
make it difficult to meet the daily needs of residents, often causing social inequity. Therefore,
the dimension of urban function must be included in the measurement framework [3].
(2) The relationship between the different dimensions is rarely considered. Thus, the
difference between sprawl and expansion is not distinguished in consideration of the needs
of development and the necessity of conservation [25].

2.2. Spatial Planning and Urban Sprawl Control

Given that urbanization is ongoing, especially in developing countries, facing the com-
mon task of ecological civilization construction and discussing how to realize urban sprawl
control through strategies such as spatial planning are critical. Planners and administrators
must consider problems in accordance with the actual situation in their region. This study
categorizes developed and developing countries and explores the spatial governance strate-
gies of urban sprawl in terms of four aspects: land use policy, market economy strategy,
industrial structure adjustment, and administrative division management (Table 2).

Despite numerous studies on urban sprawl governance strategies, the existing studies
still have two shortcomings: (1) The current consideration is the relatively single dimension,
whereas urban expansion is a complex process, and its spatial governance should also con-
sider the coordination of the interests of multiple parties. (2) Most studies were conducted
in the direction of land policy and market economic regulation for strategy enhancement,
but only a few of them mentioned the strategy of urban function enhancement.

These examples show that urban sprawl is a global phenomenon but is rooted in its
specific form at the local level. Urban planning policies must consider urban sprawl in a
local context. This study proposes correspondingly different spatial governance strategies
by combining several perspectives with the local context of the study area.
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Table 2. Examples of spatial governance strategies for urban sprawl.

Developed Countries

Developing Countries

Land use policy

(1) Green belts in Western developed
countries are established by government
authorities and typically demarcate areas
surrounding a city or town where
development is restricted. This is
preserved in the green areas surrounding
the urban area and prevents urban
sprawl [26].

(1) China has implemented a series of
land use policies, such as the “New-type
Urbanization Plan” and “Land
Management Regulations”, aimed at
promoting sustainable urbanization and
rational land use [27].

(2) A land reserve system, which allows
the government to control the supply of
land for urban development, is
established, thereby controlling the pace
of urbanization and limiting urban
sprawl [28].

Market economy strategy

(1) The private sector plays a crucial role
in urban development in Western
developed countries, with the
government often providing incentives
for private investment in urban renewal
and redevelopment projects [29].

(2) The government established policies
that encourage public—private
partnerships in urban development,
allowing the private sector to play a role
in urban renewal and redevelopment
projects [30].

(1) In developing countries such as China
and India, special economic zones are
established to attract foreign investment
and promote economic growth [31].

(2) The government established policies
that encourage public—private
partnerships in urban development,
allowing the private sector to play a role
in urban renewal and redevelopment
projects [32].

Industrial restructuring

(1) The development of high-tech
industries, such as the IT and renewable
energy sectors, is also a priority in
Western developed countries, as these
industries are considered key drivers of
economic growth and

competitiveness [33].

(1) The government encouraged the
development of high-tech industries,
such as the biotechnology and renewable
energy sectors, to drive economic growth
and improve the competitiveness of the
urban economy [34].

Administrative zoning management

(1) Western developed countries have
established systems of urban governance
that are based on decentralized decision
making and local autonomy [35].

(2) Coordination and cooperation across
administrative boundaries [36].

(1) China’s urban administrative division
system is based on a hierarchical model,
with the central government having the
power to approve the establishment of
new cities and urban districts [37].

(2) Limit urban development boundaries
to control urban sprawl effectively [38].

3. Study Area and Data Processing
3.1. Study Area

The YRD region (27.20° N-35.33° N, 114.90° E-123.17° E), located on the eastern coast-
line of China, is a fast-growing urbanized and highly integrated area in China (Figure 2).
The YRD region occupies approximately 3.7% of China’s whole territory, accounts for 16%
of the entire country’s population, and generated nearly 24% of the national GDP in 2021.

As shown in Figure 3, the total area of urban construction land in the YRD region
was 10,906 km? in 2005, 18,171 km? in 2010, 20,294 km? in 2015, and 21,855 km? in 2020.
The change in urban construction land in the YRD region was considerable. This study
selected the YRD region as a case study area mainly for the following reasons. First, the
YRD is a typical mega-urban agglomeration with considerable urban expansion, where
construction land expanded by 10,949 km? from 2005 to 2020. Second, the rapid expansion
of cities squeezes the regional ecological environment space and brings ecological threats
to the YRD, which is one of the regions with the largest ecological footprint, the most
complex ecological environment problems, and the most fragile ecological sensitivity in
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China [39,40]. Third, as one of the main socioeconomic drivers of China, the sustainable
development of the YRD is crucial. Thus, urban expansion must be reasonably assessed, its
spatial and temporal evolution characteristics must be analyzed, and scientific and effective
spatial control strategies must be proposed.
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Figure 2. Study area: YRD region in China and the spatial scope of the YRD region.

2005 2010 2015 2020
The density of construction land area(km?/grid)
- o A
0-0.5 A
- 0.5-1 0_ 95_ 190 380 570 YGR/IiIes

Figure 3. Urban construction land in the YRD region from 2005 to 2020.

3.2. Data Source and Processing

This study was conducted at a 1 km scale. The indicators were based on multiple
sources of data from 2005, 2010, 2015, and 2020 and included the following: population,
GDP, point of interest (POI), and construction land. All indicators were processed in the
same spatial coordinate system and normalized to between 0 and 1. Table 3 shows the
processing method of the collected data.



Land 2023, 12, 1548

7 of 22

Table 3. Selected factors to identify inefficient urban sprawl sites.

Dimension

Explanation

Data Source

Data Processing

Socioeconomic characteristics

Population per unit area
(people/km?)

Open high-resolution
geospatial datasets from
World Pop

Widely available remote
sensing and geospatial
datasets such as land cover,
roads, and satellite night light
are used to perform
two-dimensional weighted
modeling. A random forest
model was then used to
generate gridded population
density projections at
100 spatial resolutions.

GDP per unit area
(million /km?)

Simulation based on land use
data, night light indexes from
NPP VIIRS data, and
panel data

A regression model of GDP
with nighttime light intensity,
population, and land use type
was developed to simulate the

spatial distribution of
population in a 1 km grid [41].

Land use
characteristics

Construction land per unit
area (km?2/km?)

Classification of remote
sensing images based on
Landsat-5 and Landst-8

The 30 m raster land use data
were generated based on
Landsat 8 remote sensing

image interpretation, and then

ArcGIS was used to spatially

calculate the urban
construction land per
square kilometer.

Urban function

POI

POI from Baidu open
platform services
(http:/ /Ibsyun.baidu.com/
(accessed on 27 July 2022))

Using Python 3.9 to obtain
and organize POI data of all
cities in YRD through the
Baidu open platform.

4. Methodologies
4.1. Urban Sprawl Identification Based on the Mechanical Equilibrium Model

This study proposes a quantitative measurement of urban sprawl based on a mechani-
cal equilibrium model. The model uses three vector forces in the right angle coordinate
system to characterize the state of the three subsystems and evaluates the overall character-
istics of the system on the basis of the combined vector forces and the quadrant in which
they are located. Before applying this model, the three dimensions must be estimated.

Socioeconomic development has been studied in the past using a range of indicators
such as population, GDP, industrial structure, school enrollment, and number of hospital
beds per capita. However, GDP and population are the two main indicators, which is why
we chose them to estimate socioeconomic development. Undesirable socioeconomic levels,
such as a high population concentration or low economic levels, can lead to ecosystems that
are under enormous pressure from resource depletion and environmental pollution. Urban
spatial expansion refers to the expansion of urban physical space (i.e., the increase in the
area of urban construction land in land use types). The rapid growth of urban construction
land inevitably leads to a reduction in the area of ecological land, such as grasslands and
waters, which squeezes the ecological space and destroys the ecosystem. Urban function
improvement can evaluate the degree of infrastructure improvement, the quality of life
of citizens, and the degree of social equity in the urban development process. Inadequate
urban functionality may lead to social instability, resulting in unequal distribution of
resources and lagging environmental protection measures, thus exacerbating ecological
problems in cities.
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All three dimensions are directly and importantly linked to the urban ecological
environment. More importantly, in the process of dynamic urban development, these three
dimensions need to be developed in synchronization and with mutual constraints in order
to achieve effective and benign urban expansion.

(1) Socioeconomic development

The quantification of socioeconomic development is usually characterized by the
average annual growth of GDP and population [42]. This study combines the population
growth and GDP growth to quantify socioeconomic development as follows:

Pop., + — Pop,
VPopulution = %r (1)
G — G
Vepp = %, 2

where Pop; and G; represent the population and GDP in the year i, and T is the study
period of urban expansion. This study uses the entropy method to determine the weights
of the population growth and economic growth, which are calculated as follows:

n
E] = —kz Pij'll’l Pijf (3)

i=1

x,-]- 1
P, = = — 4
1] 21(1:1 xi]', k h’lTl’ ( )
W 1-— E]- 5)
Tn(-E)

where 7 is the sample size, m is the number of indicators, and Xjj (i=1...,n,j=1,...,m)
is the random variable. The final estimation of socioeconomic development is

Fsociofeconomic = population'VPopulation + WGDP'VGDP‘ (6)

(2) Urban spatial expansion

The quantitative estimation of urban space expansion is the average annual growth of
urban construction land. The calculation is as follows:

Vspuce = %/ (7)
Fspace = Vspuce/ (8)

where A is the area of construction land in the year i.
(3) Urban function improvement

The urban functional development is calculated on the basis of the integrated identi-
fication and quantification of the term frequency-inverse document frequency (TF-IDF)
algorithm and POI density. The TF-IDF algorithm is a common weighting technique used
in machine learning for information retrieval and data mining and can be used to evaluate
the importance of a single word in a document set. POI data are a kind of data describing
the spatial and attribute information of geographic entities, consisting of 16 functional
types, such as food service, shopping service, scientific, educational, and cultural service,
and residential service. Many current studies based on POI data assign weights to these
functional types in a simplistic manner, which may lead to functional areas being incorrectly
identified [43,44]. In this study, the TF-IDF algorithm is used to abstract POI data into
words, calculate the weight of each POI type from the local and global levels, and identify
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mixed or single functional areas by using the frequency density. The calculation formula is

as follows:
IDF; = log| — SUMgrid 9
{j: POI; € Gj} +1

111‘,]‘
TF;j = -, (10)

Nj
TFIDF;; = TF;; x IDF; (11)
i:%xlOO%,izl,zp-wl@ (]‘2)

Y1 TFIDF;

where SUM,,s represents the total number of grids in the current study area, {j: POI € G]'}
represents the number of grids containing the ith class of POl'in the current study area, G; is
the j-th grid, and IDF; ; represents the weight of the ith class of POL TF; ; is the percentage
of the ith class of POl in the jth grid, n; ; denotes the number of times that the ith class POI
appears in the jth grid, and N; is the total number of POIs in the jth grid. TFIDF; ; is the
weighted value of the ith class of POl in the jth grid. C; is the frequency density of the ith
class of POIL. When the C; value of any type of POI present in a grid is greater than or equal
to 50%, then this grid is identified as a monofunctional area. On the contrary, when the C;
values of all types of POIs in a grid are less than 50%, then this grid is identified as a mixed
functional area.

Whether the functions in the region are mixed or individual does not represent the
current level of urban functional development of the region; the density of POI distribution
is equally important. The POI density is calculated as follows:

N (13)
S grid ’

pj =

where p; is the POI density of the jth grid and Sg;4 is the area of the grid (km?). In this study,
a sufficient number of typical low- and high-POI density sample point grids was selected
through field research, and the POI density was calculated separately. The average value of
the POI density of all sample points (30 points/km?) was finally used as the classification
standard. By combining the degree of functional mixing and functional density, the final
functional identification results can be obtained as follows:

Low density mono — functional area, 31 <i <16,C; > 50% and p < 30
Low density mixed — functional area, V1 <i<16,C; <50% andp < 30

Grids function type = < High density mono — functional area, 31 <i <16,C; > 50% and p > 30. (14)
High density mixed — functional area, V1 <i <16,C; < 50% and p > 30
No data area, V1<i<16,C;=0andp =0

The neighborhood assignment method (Figure 4) was used to quantify the level of
functional development of the city. In this study, low-density single-function areas were
considered the worst case of an urban function, and high-density mixed-function areas
were considered the best case of an urban function. Thus, the identification results were
assigned as one, two, three, and four in order. No data area was assigned as zero. Based on
the agglomeration of urban functional areas, the urban function level of the grid depends
on the urban function level of the eight adjacent grids, which is calculated as follows:

8
Func = Li func; j;uncl (15)

Func; 1 — Func;
Ffunction = = T :, (16)
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where func; represents the urban function level of the ith grid adjacent to the current grid
(func; =1,2,3,4) and Func; is the level of urban function in year i.

B O
0 2
I ' 2 2 2 —_— 21125
0 \\ 1
B O =

Figure 4. Neighborhood assignment method.

(4) Urban sprawl measurement based on the mechanical equilibrium model

In the mechanical equilibrium model for identifying urban sprawl, socioeconomic
development, urban spatial expansion, and urban function improvement are abstracted as
vector forces OA, OB, and OC in three directions in a Cartesian coordinate system (Figure 5).
The angle between any two of these three forces is 27t/3. To facilitate the calculation and
explanation of the results, the X axis is used as the starting axis, the direction of calculation
is the same as the positive direction of the X axis, and the directions of OA, OB, and OC are
set to 7t/2, 7rt/6, and 117t/6, respectively. The combined vector force is represented using
the polar coordinates (F, 6), where F is the polar diameter and 6 is the polar angle. F and 6
denote the degree of unevenness and the dominant factor of urban expansion. When F =0,
urban expansion is in an ideal state (i.e., the rate of socioeconomic and urban function
development is consistent with the rate of urban spatial expansion, which indicates that this
urban expansion is efficient). On the contrary, when the combined forces are shifted (F # 0),
the magnitude of the F value reflects the degree of imbalance between socioeconomic
development, urban spatial expansion, and urban function improvement. The larger the
value of F, the higher the degree of imbalance. The combined vector force perspective ¢
represents the relationship between the three subsystems in the urban expansion process.
Given that this study is focused on urban expansion areas, urban spatial expansion (OC)
greater than zero is a prerequisite for the calculation, and areas with OC values less than or
equal to zero are excluded.

In the calculation of the mechanical equilibrium model, the combined vector force F1
of OA and OB is calculated first, and then the combined force F of F1 and OC is calculated
in the same way. The calculation formula is as follows:

OA = Fsocio—economic, OB = Ffunctionr oC = Fspace/ (17)
F = \/OA2 + OB? 4 abs(20A-OB)-cos(/XOA — abs(/XOB)), (18)
= arcsin abs(OB)-sin(abs(£XOB)) , (19)

51
F= \/ F%2 +OC? + abs(2F;-OC)-cos(abs((£XOA — &) — ZXOC)), (20)
JFOC = arcsin Fy-sin(abs((£XOA —a) — £XOC)) 1)

F 4

§ = /XOC — /FOC, (22)
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where Z/XOA = /2, ZXOB = 71/6,and ZXOC = 57 /6.

A small value for F denotes a balance between the three dimensions and is defined
as efficient urban expansion; otherwise, when an imbalance is found between the three
dimensions, especially when Fipace is greater than Focio—economic @nd Frynction, inefficient
urban sprawl is identified.

Socio-economic|development
AL
\}\,Fl
,/ H
-7 o
F /-\,’
B R:
ra) »
Urban spatial & B Urban function
expansion C improvement

Figure 5. Urban sprawl measurement based on the mechanical equilibrium model.

4.2. Verification of the Identification

To ensure the applicability of the model, we first applied the model to a component city
of the YRD for pre-experimentation. The selected city was Nantong, which is a prefecture
city of Jiangsu Province. After the pre-experiment in Nantong and the main experiment in
the YRD region, we selected enough sample points and used the total classification accuracy
and the kappa coefficient to verify the identification results of the model. By manually
observing Google Earth multiperiod satellite maps, the open space ratio, greenery ratio,
and building clutter were used to verify whether areas were inefficient urban sprawl sites.
The kappa coefficient is calculated by the following formula:

_ PO_Pe
K - 1 _ Pg 7 (23)
t
Po=—, 24)
a;b;
p= B0, 25)

where K is the kappa coefficient, P is the total classification accuracy, t represents the
sum of the number of correctly identified samples in each type, and n represents the total
number of samples, while a; represents the number of observed samples in type i and b;
represents the number of correctly predicted samples in type i.

5. Analyses and Results
5.1. Identification Results of the Pre-Experiment in Nantong

To verify the rationality of the proposed model, the urban sprawl of Nantong from
2015 to 2020 was measured as the sample for the pre-experiment. Through the calculation,
this study obtained several urban expansion patterns in Nantong (Figure 6). Through the
natural breakpoint method, urban expansion patterns were classified into two main cate-
gories: equilibrium expansion (0 < F < 0.397, the blue area in Figure 6) and disequilibrium
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expansion (0.397 < F < 1, the green and orange areas in Figure 6). Disequilibrium expansion
was further classified into types with different magnitudes and angles of the combined
vector forces: II (socioeconomically dominated expansion), III (urban construction land-
dominated expansion), IV (urban function-dominated expansion), V (socioeconomic and
urban function coordinated expansion), VI (socioeconomic and urban land use coordinated
expansion), and VII (urban function and construction land coordinated expansion). Among
these seven urban expansion patterns, we identified urban construction land-led develop-
ment (III) as inefficient urban sprawl. In this expansion mode, socioeconomic construction
and urban function construction considerably lag behind urban land construction, which is
manifested by a low local population inflow, lack of supporting facilities, many unused
wastelands, and poor ecological landscape and thus is inefficient urban sprawl. Therefore,
when 0.397 <F <1and —m < 0 < —27/3, the grid is identified as an inefficient urban sprawl
area, and the other six cases were considered effective urban expansion in this study:.

Socio-economic|development

Urban spatial Urban function

expansion improvement

Figure 6. Comprehensive measurement of urban expansion patterns.

With reference to Google Earth’s multiperiod satellite maps and actual survey data,
the seven types of urban expansion patterns and corresponding remote sensing images
that show the changes from 2015 to 2020 are displayed in Table 4.

Table 4. Urban expansion patterns.

Expansion Model

Explanation Satellite Photos (2015-2020)

I. Equilibrium sprawl
0<F <0.397

Location: urban center area

Features: socioeconomic and urban functional
levels are high; construction land change is
small.

Relationship: balanced between the three
dimensions.

2015
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Table 4. Cont.

Expansion Model

Explanation

Satellite Photos (2015-2020)

II. Socioeconomically dominated
expansion

0397<F<1

n/3<0<2n/3

Location: central business district

Features: socioeconomic development is
rapid, construction land is more fixed and less
variable, and urban functions are developed
and stable.

Relationship: socioeconomic development is
much faster than the development of the other
two dimensions.

III. Urban construction
land-dominated expansion
0397<F<1
—-m<0<-2m/3

Location: urban fringe areas

Features: the building land changes a lot, but
the development of urban functions and
socioeconomic development is slow and
disconnected from the construction land
expansion.

Relationship: building land expansion is
much faster than the development of the other
two dimensions.

IV. Urban function-dominated
expansion

0397<F<1

—m/3<0<0

Locations: newly built areas of urban
development

Features: the expansion of building land is
accompanied by the extremely rapid
development of urban functions and a certain
amount of socioeconomic development.
Relationship: urban function development is
much faster than the development of the other
two dimensions.

V. Socioeconomic and urban
function coordinated expansion
0397<F<1

0<0<m/3

Location: existing urban areas of city centers
Features: well-developed urban functions and
socioeconomics and little expansion of
built-up land.

Relationship: construction land development
is much slower than the development of the
other two dimensions.

VI. Socioeconomic and urban land
use coordinated expansion

0397 <F<1

2n/3<0<m

Location: urban natural scenic areas or urban
industrial areas

Features: rapid expansion of construction land
and stable socioeconomic development but
weak or even degraded urban functions.
Relationship: urban function development is
much less than the development of the other
two dimensions.

VII. Urban function and
construction land coordinated
expansion

0397<F<1
—2n/3<0<—m/3

Location: urban residential areas

Features: rapid expansion of construction land
and developed urban functions but slow
socioeconomic development.

Relationship: socioeconomic development is
much lower than the development in the other
two dimensions.

2015

2020

Among these seven types, the cases where 0.397 < F < 1 were identified as equilibrium

expansion. When the combined force was greater than 0.397 and the angle was between
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—27t/3 and 7, such cases were identified as disequilibrium but effective expansion, where
the speed of socioeconomic development or urban function improvement is faster than
urban spatial expansion. The remaining case was identified as inefficient urban sprawl.
Figure 7 shows the urban expansion pattern of Nantong from 2015 to 2020. The urban
expansion area accounted for 10.7%, of which 98.8% was an effective expansion area,
and the remaining 1.2% was an urban sprawl area. This result indicates that Nantong
had an overall high level of urbanization and efficient use of urban construction space
from 2015 to 2020. The total classification accuracy and kappa coefficient were used for
verification. The identification results based on the mechanical balance model had a total
classification accuracy of 0.84 and a kappa coefficient of 0.67, indicating that this model has
high identification accuracy.

Urban expansion type

No expansion land

Effective urban expansion land

- Inefficient urban sprawl land

-—— Miles

Figure 7. Spatial distribution of urban expansion in Nantong City from 2015 to 2020.

5.2. Urban Sprawl of the YRD Region from 2005 to 2020

After demonstrating the applicability of the proposed model in the pre-experiment,
the model was applied to analyze urban sprawl in the YRD region at multiple scales from
2005 to 2020 (Figure 8). The identification results at the 1 km scale had three classifications,
including inefficient urban sprawl land, effective urban expansion land, and no expansion
land. From 2005 to 2010, Jiangsu had substantial inefficient sprawl land and dense distri-
bution, whereas Anhui had substantial inefficient sprawl land, but the distribution was
relatively fragmented. Shanghai and Zhejiang are largely effective sprawl sites with little
inefficient sprawl. During the period from 2010 to 2015, Jiangsu and Shanghai had high
urban expansion efficiency, because Jiangsu’s urban expansion efficiency greatly improved.
However, inefficient sprawl sites increased considerably in Zhejiang, and inefficient sprawl
deteriorated further and became more concentrated in Anhui. Between 2015 and 2020,
densely distributed inefficient sprawl sites appeared in Shanghai. The efficiency of urban
expansion in Jiangsu remained at a high level, with only a little inefficient sprawl occurring.
In Anhui and Zhejiang, inefficient sprawl was considerably reduced and scattered at the
edges of urban sprawl patches.
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2005-2010 20102015 2015-2020

M [ncfficient urban sprawl land
Effective urban expansion land

1 km? grid scale I No expansion land

2005-2010 2010-2015 2015-2020

Medium-effective

Prefectural city scale Effective

2005-2010 2010-2015 2015-2020

Zhejiang

B Incfficicnt
B Mcdium-inefficient

I Medium-etfective

Effective

0 2040 80 120 160
. — —

iies Provincial/municipal scale

Figure 8. Identification of multi-scale urban sprawl in the YRD region from 2000 to 2020.

The results can be studied further at the prefectural city scale and the provincial or
municipal scale. From 2005 to 2020, inefficient urban sprawl land in Jiangsu showed a trend
of reduction, from 4562 km? in 2005-2010 down to 191 km? in 2015-2020. Between 2005
and 2010, almost every municipality in Jiangsu Province experienced rapid urbanization
and had a large amount of land for urban development, which was accompanied by
an extremely large amount of low-efficiency urban sprawl land. Suzhou, Wuxi, and
Changzhou in southern Jiangsu, with a high socioeconomic level, were developing rapidly,
and the inefficient urban areas spread up to 995, 420, and 220 km?, respectively. After 2010,
with the improvement of supporting infrastructure, population inflow, economic growth,
and optimization policies of municipalities, the efficiency of urban development in Jiangsu
Province was remarkably improved, and inefficient urban sprawl sites were drastically
reduced. In contrast to Jiangsu, the area of inefficient urban sprawl in Shanghai showed a
considerable upward trend, growing from 27 km? in 2005-2010 to 284 km? in 2015-2020.
With the rapid growth of Shanghai’s economy, industries originally located in the city
center gradually moved out to the suburbs. This large-scale industrial outward migration
has accelerated Shanghai’s urbanization while also making inefficient urban sprawl happen
more frequently. Inefficient urban sprawl in Zhejiang has experienced a process of growth
followed by reduction. Between 2010 and 2015, Hangzhou, the provincial capital of
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Zhejiang Province, and coastal cities such as Ningbo and Wenzhou experienced rapid
economic development and high demand for urban expansion. Therefore, inefficient urban
sprawl in Zhejiang’s land during 2010-2015 was distributed in these two types of areas,
totaling 336 km?. In 2005-2010 and 2015-2020, the area of inefficient urban sprawl land in
Zhejiang Province was relatively small (i.e., 76 km? and 113 km?, respectively). Among
the three provinces in the YRD region, Anhui is the least developed socioeconomically,
with a total population of 61.04 million in 2020 (compared with 84.77 million in Jiangsu
and 64.68 million in Zhejiang) and a GDP of CNY 3.81 trillion (compared with CNY 10.28
trillion in Jiangsu and CNY 6.47 trillion in Zhejiang). Inefficient urban sprawl in Anhui
was concentrated in the provincial capital of Hefei and its surroundings from 2005 to
2010, with a total area of 554 kmZ2. Between 2010 and 2015, such a situation spread to the
whole province, with a total area of 640 km?2. Between 2015 and 2020, inefficient urban
sprawl decreased, but it still reached 392 km?. The efficiency of urban expansion in Anhui
has stayed at a low level. Areas that are socioeconomically backward and have high
urbanization demands are relatively more likely to suffer from inefficient urban sprawl,
which also curbs regional development [2].

5.3. Spatial Evolution of Inefficient Urban Sprawl in the YRD Region

In this study, kernel density analysis and spatial hotspot analysis were used to examine
further the spatial association patterns and distribution characteristics of urban sprawl in
the YRD region (Figure 9). Kernel density analysis measures the spatial density differences
and local clustering characteristics of urban sprawl point-like elements. A search radius of
2.5 km and image element size of 500 m x 500 m were set, and the kernel density maps of
urban sprawl in three expansion stages from 2005 to 2020 were generated. Between 2005
and 2010, a large-scale urban sprawl agglomeration center consisting of cities in southern
Jiangsu, such as Suzhou, Wuxi, and Chang, emerged. During this period, urban sprawl
densities were high throughout Jiangsu and low in the rest of the YRD region, except for
Hefei, the capital city of Anhui. Between 2010 and 2015, Anhui, Zhejiang, and Shanghai
showed high-density urban sprawl cores with scattered multipoint distribution, whereas
the inefficient sprawl density in Jiangsu became lower. Between 2015 and 2020, Shanghai
and southern Anhui had the highest urban sprawl densities, whereas the rest of the regions
had lower densities. We then performed hotspot analysis on urban sprawl sites in the YRD
region to explore the spatial clustering characteristics of sprawl intensity. The analysis
results were all hot spots and no cold spots, indicating that the sprawl intensity in the YRD
region is characterized by high-value clustering. Compared with the kernel density map,
the high-value clustering characteristics of the YRD region had a global positive correlation
with the density distribution characteristics. The YRD region always maintained the spatial
pattern characteristics of high-intensity and high-density inefficient urban sprawl between
2005 and 2020.
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Kernel density analysis
P High

. Low
2005-2010 2010-2015 2015-2020

Hotspot analysis of inefficient urban sprawl

I Hot Spot—99% Confidence
I Hot Spot—95% Confidence
160

Miles Hot Spot—90% Confidence

0 20 40 80 120

Figure 9. Dynamic characteristics of the spatiotemporal evolution of urban sprawl in the YRD region
from 2005 to 2020.

6. Discussion
6.1. Comparison with the Results of Existing Studies

Several studies [45,46] have been conducted on urban expansion of the YRD region,
and they obtained two major findings: (1) The YRD region had a peak period of rapid
sprawl between 2005 and 2010, after which the expansion rate began to decline. (2) The
rapid urban sprawl in the YRD region first clustered around the southern Jiangsu cities,
such as Suzhou, Wuxi, and Changzhou, and Shanghai and then shifted to the outer ring
of the Zhejiang and Anhui regions. The results of this study are consistent with the first
finding, and some differences with the second finding were found.

In contrast to existing studies, this study did not consider urban sprawl only from
a single dimension of urban construction land but utilized a mechanical equilibrium
model that integrated the three dimensions of socioeconomic development, urban spatial
expansion, and urban function improvement. Therefore, the first difference between the
results of this study and previous studies is that the rapid urban sprawl areas were first
distributed in a multi-centered form throughout Jiangsu and were not concentrated only in
the southern part of Jiangsu. The reason for this is that some of the northern areas of Jiangsu
had a slower rate of urban land expansion compared with southern Jiangsu, but during the
expansion process, socioeconomic and urban infrastructure development is lacking, which
is also identified for urban sprawl areas. The second difference is that after the rapid urban
sprawl to the outer circles of Zhejiang and Anhui (after 2015), the urban sprawl in Zhejiang
started to weaken instead of having continuous high-speed urban sprawl because after
2015, although the growth rate of urban construction land in the Zhejiang region was still
fast, the rate of socioeconomic and urban function development could match it, and the
model of this study did not identify the region as urban sprawl. The above two differences
reflect the better accuracy and sensitivity of the proposed model in this study.



Land 2023, 12, 1548

18 of 22

6.2. Implications for Urban Sprawl Control in the YRD Region

Precise identification of inefficient sprawl and targeted management strategies are
necessary for the coordinated development of urban agglomeration. On the basis of the
identified urban expansion areas in the YRD region and their spatial and temporal evolution
characteristics, we classified the types of urban expansion and management in the YRD
region as follows:

(1) Inefficient urban sprawl continuous growth areas

Shanghai and Anhui Province were dominant. Shanghai has a developed socioecon-
omy, a continuous concentration of population and industry, and relatively large pressure
for urban development and construction. Future development focuses on tapping the
potential of stock construction land, improving the efficiency of new construction land,
cross-administrative enclave construction and function sharing, etc. Anhui Province is less
socioeconomically developed and still has much urbanization potential at this stage. Land
use will continue to evolve for a period in the future, and new construction land will be the
main focus, with attention to functional zoning, adherence to the ecological protection red
line, and arable land protection in the development process. For continuous growth areas,
on the one hand, fast-growing urban sprawl can be curbed through an efficient transporta-
tion system that promotes the development and strategic densification of mixed-use nodes
and corridors linked to public transportation. On the other hand, a more scientific, precise,
and rigid delineation of urban development boundaries, with comprehensive consideration
of such issues as growth pressure, financial strength, land tenure, capacity of management,
capacity of infrastructure, and future supply, can promote rational urban development and
reduce the occurrence of inefficient sprawl.

(2) Inefficient urban sprawl weakening areas

Such areas were mainly in Jiangsu Province. According to the analysis results, the
trend of urban expansion in Jiangsu Province continues to slow down, and attention must be
paid to monitoring and controlling the urban expansion in local areas. The socioeconomic
development and high urbanization rate in southern Jiangsu Province have limited space for
urban construction land expansion. In the future, attention should be paid to the additional
ecological and environmental pressure of industrial and population gathering, such as
resource consumption and environmental pollution. The central and northern regions
of Jiangsu Province are facing the relative pressure of socioeconomic development and
urbanization. Thus, they still have a certain phenomenon of urban expansion occurring.
The results of the kernel density and hotspot analysis also indicate this, and attention
should be paid to the efficient use of land in the future. For the continuously weakening
zone, the goal should be to achieve a sustainable and compact urban development pattern
in the future. It is necessary to promote urban renewal and regeneration, which can
improve the efficiency of existing urban land use. At the same time, urban infrastructure
needs to be strengthened to improve the coverage and quality of urban transportation
and public service facilities. Diversified housing and shared community building should
be encouraged to relieve population pressure in limited urban spaces. Strengthening
government regulation and management of ecological environment and cultural heritage
protection is also very important to emphasize.

(3) Inefficient urban sprawl monitoring area

Such areas were mainly in Zhejiang Province. The phenomenon of urban expansion in
Zhejiang Province is relatively weak. First, it is socioeconomically developed, and urban-
ization pressure is not high. In addition, Zhejiang Province has more mountains, and the
expansion of urban construction land is relatively limited by the topography. For monitor-
ing areas, such areas should establish a dynamic monitoring and management mechanism
while balancing the relationship between development and ecological protection. In the
process of urban development, it is important to emphasize the degree of synergy between
“population-land” as well as “economy-land” to promote high-quality urban development.



Land 2023, 12, 1548

19 of 22

On this basis, it is possible that innovative modes of urban development, such as green
infrastructure development and new tourism development, can be explored by utilizing
natural landscape conditions.

6.3. Applicability and Improvement of the Proposed Model
(1) Applicability of the proposed model

The proposed mechanical equilibrium model was developed on the basis of the
socioeconomic, urban functional, and urban spatial dimensions, where urban expansion is
the most important dimension. The model is applicable when urban expansion is evident,
which fits the cases in most developing countries. For developed countries, urban expansion
may not be as evident as in developing countries, but urban sprawl is always there [36].
Given that the model method and data of this study were calculated at the spatial grid
scale, it has excellent sensitivity to data changes. Therefore, this model can be applied to
the cases of both developing and developed countries as long as urban expansion occurs.

In terms of different urban development patterns, urban sprawl in this study was
identified on the basis of the premise of the occurrence of urban land expansion. Under this
premise, only when urban land expanded faster than socioeconomic development and ur-
ban function was urban sprawl identified. Otherwise, the application of this model should
be conducted with care. For example, rust zones are defined as an area that flourished
in the past due to industrial development and then declined due to deindustrialization,
population loss, and economic depression [47]. When the urban rust zones are consolidated,
if land use is adjusted and construction land is increased, then the model can be applied.
If the spatial expansion of construction land does not bring reciprocal socioeconomic and
functional benefits, then land use consolidation is inefficient. In summary, this model
is sensitive and applicable in urban development patterns when urban land expansion
exists. However, for some areas of urban shrinking, this model is not detectable because
cities that have expanded in such areas are usually demolished, rehabilitated, renewed, or
adjusted more slowly and always remain as built-up land in space without a growth trend.
Simultaneously, the socioeconomic and urban functions are gradually degraded, which is
hardly reflected by the mechanical equilibrium model.

(2) Priorities of the proposed model in future studies

The proposed model mainly identifies urban sprawl from three dimensions, including
socioeconomic development, urban spatial expansion, and urban function improvement.
Some other dimensions, such as public facilities, transportation, and industries [48,49],
were excluded from this study. The three dimensions were chosen for two reasons. First,
we conducted the pre-experiment, and the results showed good performance in identifying
urban sprawl with the proposed model based on the three selected dimensions. Second,
whether certain dimensions and indicators can measure urban sprawl remains controver-
sial. In some studies, some indicators are the basis for measuring urban sprawl, yet in
other studies, they are the drivers of urban sprawl [50,51]. In future research, we will
compare and combine different dimensions and indicators to form a model for measuring
urban expansion and evaluate the performance of the model through model identification
accuracy to select more appropriate dimensions and indicators.

Another part of this model that could be improved is the refined analysis of the
identification results. The model originally subdivided urban sprawl into seven categories,
and this study only focused on the urban space expansion-dominated patterns, whereas
the other six categories were all considered effective expansion types. However, the
driving factors and influencing mechanisms of these six types of expansion patterns have
differences. We will explore the similarities and differences of the various identification
results in depth separately in the future.
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7. Conclusions

This study endeavored to establish a three-dimensional model for discerning urban
sprawl, utilizing the mechanical equilibrium model by using the YRD region as an example.
The findings demonstrate a proficient analysis of the urban sprawl areas in the YRD region,
thereby facilitating targeted strategies for spatial control of urban sprawl.

The urban sprawl measurement model constructed in this study takes into account the
interrelationships among the three dimensions of socioeconomic development, urban spa-
tial expansion, and urban function improvement. Particularly in densely populated areas
where urban sprawl is pronounced, the identification of such sprawl should not only focus
on land use changes but also consider the necessary space required for urban development.
This entails a thorough assessment of the congruence between land use changes and the
corresponding social, economic, and urban service functions. As urbanization progresses
into the mid-to-late stages, the magnitude of land use changes tends to diminish, emphasiz-
ing the significance of harmonizing multidimensional factors during urban development.
In this context, the proposed model exhibited good precision and sensitivity.

Under different socioeconomic backgrounds, the development goals of cities may
vary, such as focusing on economic construction, population control, ecological environ-
mental objectives, or pursuing comprehensive and coordinated development. In distinct
developmental scenarios, the definition of effective urban development indicators and
dimensions differs, with certain dimensions potentially carrying higher weights. In such
cases, the mechanical equilibrium model remains applicable, as the resultant equilibrium
forces can reflect the integrated relationships among various dimensions, and the tilt angle
is employed to analyze the dominant dimensions.

In summary, the mechanical equilibrium model proposed in this study, based on the
dimensions of socioeconomic development, urban spatial expansion, and urban function
improvement, is a model designed to identify urban sprawl by comprehensively consider-
ing multiple dimensions of urban development. This model can effectively and accurately
identify urban sprawl on a large scale, exhibiting high precision and sensitivity and thus
providing valuable decision support for urban sprawl control.
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