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Abstract: The urban texture is the physical manifestation of the urban form’s evolution. In the rapid
process of urbanization, protecting and reshaping the urban texture has become an essential means
to sustain the overall form and vitality of cities. Previous studies in this field have primarily relied on
image analysis or typological methods, lacking a quantitative approach to identify and analyze the
urban texture on a large scale. Moreover, the hierarchical structure and networked organization of the
urban texture are gradually being elucidated and emphasized. This study takes a complex network
perspective and applies percolation theory to identify and analyze the urban texture. The hierarchical
evolutionary characteristics of the urban fabric and the underlying mechanisms driving the scale-
dependent differences are analyzed, and the toughness of the urban texture is evaluated based on
hierarchical connections. The research findings reveal the key scale in the cross-scale evolution of
urban textures, with variations in scale dependence and hierarchical evolution characteristics among
different types of urban texture. The traditional urban texture displays sensitivity to scale changes,
maintaining its integrity and internal connectivity at small scales. On the other hand, the texture
characteristics of modern and contemporary urban areas are only discernible at larger scales. The
emergence of large-scale texture clusters at specific scale levels can be explained using multiple index
systems. This study has reference significance for the preservation and renewal of the urban fabric in
urban renewal processes.

Keywords: percolation theory; texture type; scale dependence; hierarchical evolution; texture
morphology

1. Introduction

Since the 1980s, Chinese cities have experienced a period of large-scale and rapid
construction, leading to an increase in urbanization from 20% to over 60% [1,2]. How-
ever, this development approach, characterized by oversized land plots, strict functional
zoning, and the construction of large-scale buildings, has resulted in the collapse of the
scale organization and overall morphological order of the traditional urban fabric. As a
result, the urban fabric has become fragmented and collage-like, exhibiting an imbalanced
composition [3,4]. This imbalance has led to the destruction of the urban landscape and
the loss of local characteristics [5]. Currently, Chinese cities have shifted from outward
expansion to renewal and connotative development [6,7]. The concept of holistic urban
protection has become widespread [8,9], with the protection and remodeling of the urban
texture being an important means to maintain the overall form and vitality of the city.

The city is a complex and ever-evolving system [10,11]. Its physical form is a manifes-
tation of cultural, social, and economic processes shaped by the geometry of the natural
and man-made world [12]. The urban environment encompasses various elements, such as
buildings, roads, plants, signage, lighting, and many other elements, all of which combine

Land 2024, 13, 717. https://doi.org/10.3390/land13050717 https://www.mdpi.com/journal/land

https://doi.org/10.3390/land13050717
https://doi.org/10.3390/land13050717
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/land
https://www.mdpi.com
https://orcid.org/0009-0006-1392-5565
https://orcid.org/0000-0001-5619-6610
https://doi.org/10.3390/land13050717
https://www.mdpi.com/journal/land
https://www.mdpi.com/article/10.3390/land13050717?type=check_update&version=1


Land 2024, 13, 717 2 of 22

to shape the urban fabric or physical form of urbanized areas [13]. Under the influence of
planning and management processes, cities were traditionally perceived as being organized
in a top-down manner within the perspective of systems theory [14]. However, the rise of
the complexity science has shifted the focus to a bottom-up approach, where cities are the
product of evolutionary processes rather than one of grand designs [15]. The urban fabric,
street blocks, and buildings change over time, spontaneously creating rules and order
within disorder [10]. Jacobs argues that cities are complex-organized problems, and the or-
der of old cities emerges from the complex, uncoordinated interaction of countless different
routes and experiences [16]. The complexity of the urban form cannot be fully explained
by Euclidean geometry alone [17]. Instead, seemingly disordered and self-organized cities
exhibit a rule of preferential attachment and hierarchical topology [18], displaying fractal
characteristics in their morphology [19]. The geometric order created by self-similarity is a
core feature of fractals [20]. The theory of scale hierarchy suggests that the structures of
cities and buildings exhibit self-similarity across multiple levels, thus presenting certain
regularity and continuity [21]. Designers can leverage this self-similarity to better organize
the layout of the urban form.

The physical manifestation of the evolution of the urban form is the urban texture [22],
which involves building types, street forms, block patterns, open spaces, and regional
interfaces [23]. The urban texture contains the genes of the urban spatial pattern and
serves as the material carrier of history, culture, society, and the economy [5,24]. From the
urban morphology perspective, the urban texture refers to an area characterized by spatial
continuity and consistency [25]. The formation of the urban fabric is a self-replicating
process of spatial units based on certain archetypes that occurs over time, and the similarity
between these units generates the characteristics of the fabric [26]. Muratori and Caniggia
advocate for a systematic study of the historical evolution of architectural and urban texture
types [27,28]. By identifying and analyzing the basic types and typological processes, the
connections between micro-scale architectural elements and the macro-scale urban texture
can be established [29]. Conzen interprets the urban texture through the concept of the
plan–unit, connecting the architectural texture with land use [30]. Typological methods
have been widely applied in evaluating the consistency of old and new textures, as well as
in the practice of historic texture preservation and regeneration [31].

Interpreting the urban texture requires not only focusing on individual elements but
also considering the complex relationships formed among them. The hierarchical structure
and organization of the urban fabric have been explained and emphasized in terms of
geography and architecture. The urban texture can be divided into different layers, such
as buildings, plots, and streets [32–34]. These layers are intrinsically connected, allowing
for hierarchical analysis. The smaller the analytical scale, the more detailed the features
of the urban texture that are revealed [35]. At the architectural level, the urban fabric
represents a complex spatial relationship between building blocks and external open spaces.
Different building types, scales, and combinations give rise to different forms of urban
fabric [36]. Structurally, the urban fabric is a complex system consisting of interacting
subunits at different scales [37], forming an organized network with various hierarchical
relationships [23]. The formation of the urban fabric follows rules of connection, hierarchical
organization, and interaction forces that are similar to those of other complex systems [38].
The connection between texture elements depends on their location, shape, and function.
The strength of the connection decreases as the distance between the elements increases.
The process of combining elements from small to large creates different levels of units, and
the close connection of small-scale elements and functions is essential for the compactness
of large-scale spaces.

Scholars have approached the assessment of the urban texture through various meth-
ods. Initially, they employed graphic ground images on maps to interpret the urban
texture [39], using typological or morphological methods to qualitatively describe the orga-
nization of buildings and external spaces [40–42]. However, these qualitative methods have
limitations in achieving global and accurate quantitative analysis results due to microdata
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constraints and individual cognitive differences [43,44]. Thus, they are primarily applied to
the study of the urban texture in specific neighborhoods or historical districts [45,46]. The
urban texture, as manifested in reality, is composed of the physical environment formed by
streets and alleys. Therefore, many studies choose block units to parametrically analyze
the urban texture, focusing on measuring the density, function, form, and spatial relation-
ships [47–49]. Over time, the measurement dimension has expanded from two-dimensional
planes to three-dimensional spaces [50], incorporating the interpretation of the urban tex-
ture based on the perception of the spatial visual environment [51,52]. Indicator measures
can capture the overall features of the building texture within a research unit but lack the
ability to delve into finer architectural scales. The study of the urban texture from the per-
spective of complex networks examines the interconnections between the nodes of texture
units. Spatial syntax studies disregard the properties of spatial unit nodes and instead
focus on the connectivity between them [53,54]. This approach accurately quantifies the
internal logic of the urban morphology and provides a method to measure the topological
characteristics of the texture network [55,56]. The percolation model, commonly used to
study complex systems [57], helps to identify the emergent characteristics and key scales of
the connectivity clusters within the system [58]. By applying the percolation process to a
topological network, failed nodes form isolated clusters when the connectivity probability
of network nodes or connected edges is below a specific critical value [59]. The emergence
mechanism of spatial clusters in the percolation network, the hierarchical nested spatial
cluster relationship, and the structural fractal features align with the characteristics of the
urban fabric [60]. This offers a fresh perspective for the study of the organizational laws of
the urban fabric.

Nowadays, the urban texture has been embraced as a fundamental design framework,
applied to the restoration of historical towns and the construction of new cities [61]. The
interpretation of the urban texture can reveal the inner laws of urban development and
guide a new round of urban development and construction. This paper analyzes the
organizational characteristics of different types of urban texture based on percolation
theory, and it explores the rational organization methods of urban texture in the context
of modernist planning and urban renewal. Percolation theory is a new approach applied
to the study of the urban texture that views the urban texture as a network percolation
structure. Higher percolation—that is, stronger texture connections—exists in the same type
of texture area, while structural differences between different texture areas lead to weaker
connections. By removing unnecessary connections, urban texture clusters can emerge.
The research focuses on the Second Ring District of Wuhan, which exhibits distinct textural
features and has been well preserved throughout history. A comparison and analysis of the
scale dependence and hierarchical evolution characteristics of the historical, modern, and
contemporary urban textural districts is conducted. The internal mechanism of the spatial
pattern heterogeneity and scale dependence of the textural patterns is analyzed using a
comprehensive index system. Additionally, the evaluation of the textural toughness is
achieved through the examination of textural hierarchical connections.

2. Study Area and Data Sources
2.1. Study Area

This paper focuses on the Second Ring District of Wuhan, a city in Central China,
covering an area of approximately 138 km2. Wuhan is situated at the confluence of the
Yangtze River and its tributary, the Han River, which divide the city into three regions:
Hankou, Wuchang, and Hanyang. The study area consists of 15 districts, as shown in
Figure 1. The urban texture formation in this area can be classified into three types. Firstly,
there is the old city of Wuhan, which was established from the late Qing Dynasty to the
pre-founding period of the country. This area is primarily located along the river, including
Hankou, Hanzhengjie, Simenkou, and Zhongjiacun. The “Wuhan Historical and Cultural
City Protection Plan (2022–2035)” designates four historic districts in Wuhan, namely the
former Hankou Concession Historic District, Hankou Old Town Historic District, Wuchang
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Historic District, and Hanyang Historic District. These districts and their surrounding
areas have preserved Wuhan’s traditional architectural texture and street pattern more
completely. Secondly, there is the modern urban texture developed from the period of the
founding of the People’s Republic of China to the reform and opening up period. This
area includes Baofeng, Xinhua, Huaqiao, Erqi, Wuchang Binjiang, and Dingziqiao. Due
to the age of the old buildings, many plots have been replaced with new constructions,
resulting in a mixed urban form that combines the old and new spaces. Lastly, there is the
contemporary urban texture that gradually developed after the reform and opening-up era.
This area includes the Wangjiadun CBD, Dingjiaohu, Xudong, Zhongnan–Zhongbei, and
Heshan. Within this area, modern high-rise buildings dominate, while the number of old
buildings is relatively low.
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2.2. Data Sources

This study collected vector data of the building outlines, roads, and water systems
(rivers and lakes) in Wuhan from the Wuhan Municipal Research Institute of Surveying and
Mapping. Buildings within the second ring road were obtained by tailoring. The building
attribute fields included information such as the number of floors, base area, and length of
edges. Additionally, the internal division map of the Wuhan Second Ring Road Area was
generated based on the road date, and the Urban Digital Elevation Model (UDEM) was
constructed according to the building height data.

3. Methods
3.1. Methods for Construction of Complex Networks of Urban Buildings

In a percolation study, the first step is to determine the underlying network and its
structure for percolation occurrence [62]. The urban spatial structure is the spatial form
manifested by the interconnections and interactions of various elements. The construction
of urban spatial networks generally utilizes spatial syntax to transform urban spatial objects
or open spaces into topological connection graphs. The geometric and metric attributes
of the space are internalized into the structure, allowing the graph analysis to incorporate
non-local or extrinsic properties of the space [63]. In this study, building floor plans are
transformed into topological graphs of spatial nodes and connecting lines using topological
analysis and weighting methods, thus constructing a complex network of buildings. The
process of network construction is illustrated in Figure 2.
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Initially, an all-connected building network map is generated based on the building’s
center of mass. Then, the nearest-neighbor building contact network is filtered. The build-
ing distance is the most fundamental attribute of the urban texture at a two-dimensional
scale, representing a fundamental structural feature that is independent of the building
orientation, plane form, and combination mode [60]. The nearest Euclidean distance be-
tween the building contours is calculated using the nearest-neighbor analysis tool as the
edge weight. In addition, this study introduces the height difference between neighbor-
ing buildings as an edge weight coefficient when constructing a two-dimensional urban
architectural complex network based on building distances. The building height is the
most intuitive factor in maintaining the visual balance of the urban texture, serving as a
significant representation of the urban texture at a three-dimensional scale [64]. The preser-
vation of the old urban texture, especially in historic districts, emphasizes the consistency
of architectural style creation and often involves controlling the heights of buildings. The
rate of change in height reflects the degree of variation in the building height within the
texture. In this study, the rate of change in height for each individual building is calculated
to represent the differences in neighboring buildings’ heights [65].

3.2. Urban Texture Identification Method Based on Percolation Model

Suppose that there exists a percolation network, denoted as G. In this network, there
is a probability, denoted as p, that a node or edge will be encroached upon. Uniform
percolation occurs when p is a scalar, and non-uniform percolation occurs when p is a vector
of more than one dimension [66]. During the percolation process, numerous connected
subsets of encroached nodes, known as percolation clusters, are formed. These clusters
vary in size, as depicted in Figure 3. When p is equal to 0.2, the overall connectivity of
the network is very poor, and the clusters exhibit fragmentation characteristics. As the
value of p increases, both the overall connectivity of the network and the size of the clusters
improve. Eventually, clusters capable of spanning the entire network are formed.
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The architectural complex network can be regarded as a non-uniform percolation
model. In this model, a scale threshold is defined, and percolation occurs when the
attribute value of a certain edge is smaller than this threshold. Conversely, if the attribute



Land 2024, 13, 717 6 of 22

value is greater than the threshold, no percolation occurs. By gradually eliminating invalid
connections based on the threshold value, clusters that are not connected to each other can
be identified. These clusters, which vary in size under different thresholds, represent the
urban texture. The scale of the texture is determined by the number of buildings contained
in the clusters [60]. Since the urban texture is a collection of architectural elements with a
certain scale attribute [67], this study considers clusters with a scale larger than 50 as urban
texture patches. To visualize the texture, Tyson polygons (Voronoi diagram) are generated
using the center of mass of each building. By merging all Tyson polygons belonging to
the same cluster, the texture surface is obtained. Theoretically, as the threshold value
decreases, the texture surface becomes increasingly fragmented and the scale difference
gradually diminishes.

In a percolation network, even a slight variation in p can result in a significant con-
nection between disjointed clusters within the network [66]. This connection, in turn,
causes a sudden change in the state or characteristics of the entire network. In this study,
the hierarchical changes in the urban texture features across various distance scales are
examined, including indicators of the texture area, the number of clusters, the average
cluster size, the standard deviation of the scale, and the maximum texture cluster size, to
explore the scale-dependent characteristics of different types of urban texture.

3.3. Comprehensive Index System for Urban Texture Measurement

The urban texture is influenced by multiple morphological factors, making it chal-
lenging to reflect the distinctions in different texture forms using a single morphological
indicator [68]. To address this issue, this paper constructs a comprehensive index system to
quantitatively measure texture. This system consists of three categories: the intensity index,
morphology index, and texture index. The intensity indicators, including the building den-
sity, floor area ratio, and average number of floors, are employed to assess the construction
intensity of the texture area. The morphology indicators, such as the average building base
area, average shape index of buildings, and weighted shape index of the building area, are
used to characterize the shapes of building units within the texture area. Lastly, the texture
indicators, comprising the building edge density, building dispersion, and sky openness,
provide insights into the fragmentation of texture clusters, as well as their compactness
and openness.

The shape index is a measure of the relationship between the area and perimeter of
a shape, providing an indication of its regularity [69]. For the combination of buildings
within the unit, two calculation tools are used: the average shape index of buildings and
the area-weighted shape index [70]. The latter assigns weights to the shape index based
on the proportion of individual buildings to the total area of the in-unit building footprint.
Both calculations are derived using the following formulas:

MEANSHAPE =
∑n

i=1
pn

2
√

πSn

n
, (1)

AREASHAPE =
n

∑
i=1

pn
2
√

πSn
× Sn

∑n
i=1 Sn

, (2)

where P is the length of the building sideline; S is the building footprint; and n is the
number of buildings in the unit. The smaller the shape index, the closer the building plan
form is to a square.

Building dispersion is a metric used to assess the distribution of buildings within a unit,
indicating whether they are widely scattered or concentrated in a specific area [71]. The
dispersion is proportional to the number of buildings in the unit and inversely proportional
to the unit area and the standard deviation of the building area. The formula is as follows:

BD =
n

B × k
, (3)
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k = e

√
∑n

i=1 (FiLi − FaLa)
2

n
/FaLa, (4)

where BD is the building dispersion, and the larger its value, the higher the dispersion of
the building in the unit; n is the number of buildings in the unit; B is the land area of the
unit; k is the standard deviation of the building area; Fi is the building base area; Li is the
number of building floors; Fa is the average base area of the buildings in the unit; La is the
average number of floors of the buildings in the unit.

The sky view factor (SVF) is a quantitative description of the degree of openness of the
surface space, reflecting the degree of obstruction of the view by the surrounding buildings
within the hemisphere. The SVF takes a value of 0 to 1, with a value of 1 indicating the
unobstructed visibility of the sky [72]. The calculation formula is as follows:

SVF =
1

2π

∫ 2π

0

[
cos β cos2 ϕ + sin β cos(φ − α)(90 − ϕ − sin ϕ cos ϕ)

]
dφ, (5)

where β and α are the surface slope angle and surface slope direction calculated from the
UDEM, respectively; φ is the horizon angle; and φ is the azimuthal direction. The SVF
calculations are performed using a digital elevation model-based algorithm developed
in SAGA-GIS by setting two input parameters, the number of directions and the search
distance [73,74].

3.4. Methods of Measuring Urban Texture Toughness

The toughness of the urban texture refers to its ability to maintain its integrity and
stability, as well as its resistance to changes in the surrounding environment. In the case
of urban historical areas, it is crucial to protect the traditional patterns and historical land-
scapes in their entirety. This helps to minimize the spatial encroachment and destructive
impacts on the landscape that may arise from urban development and construction. “Large
scale depends on small scale” is a reasonable scale dependence pattern for the urban texture.
Once established, it is difficult to alter the organization of the urban texture at a large scale.
However, changes at a small scale do not depend on the larger scale and are therefore easier
to implement [38].

To analyze the cross-scale containment relationship of texture clusters, a tree diagram
is used in this study. Additionally, the multi-scale texture toughness measurement index
proposed by Shen Yao is adopted [60]. This metric considers the linkage between two
buildings to have the highest robustness if it consistently falls under the largest cluster at
each scale of measurement. The formula is as follows:

TRij =
∑D

1
Sl

ij

Sl
max

D
, (6)

where TRij is the robustness of the textural connection between buildings i and j, ranging
from 0 to 1, and the larger the value, the higher the robustness; l is the hierarchical scale of
the study; D is the number of hierarchical scales; Sl

ij is the size of the cluster to which the

connection between buildings i and j belongs under the hierarchical scale l; Sl
max is the size

of the largest cluster under the hierarchical scale l.

4. Results
4.1. Results of Building Complex Network Construction

The complex network of buildings and the weighted distance statistics of the network
edges in the Wuhan Second Ring Area are shown in Figures 4 and 5. In the network,
14.82% of the edges have a weighted distance of 0, indicating that these buildings are
spatially adjacent but typically belong to different blocks within the same building. The
highest proportion, 18.56%, of edges in the network have a weighted distance of 0–5 m.
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Furthermore, nearly half of all edges have a weighted distance of less than 10 m, illustrating
the overall compact layout of the architectural texture within the district.
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Analyzing the spatial distribution reveals that the network with shorter sideline
distances is predominantly concentrated in the old city. Hanzheng Street has the small-
est average weighted distance, measuring only 8.24 m. Additionally, there are exten-
sive areas of close architectural connection in the Baofeng, Huaqiao, Erqi, and Wuchang
Binjiang–Xujiapeng areas of the modern city district. The three areas with the largest
weighted distances are the Xudong, Zhongnan–Zhongbei, and Wangjiadun CBD areas.
Compared with other contemporary urban areas, the Heshan area exhibits relatively close
architectural connectivity.

4.2. Identification Results of Texture Clusters at Different Scale Levels

Figure 6 presents the results of the texture cluster identification within the range of
5 to 50 m distance thresholds, based on the percolation model, and the spatial distribution
of the top ten texture clusters in the Hankou, Hanyang, and Wuchang areas is shown in
Figure 7. At the 5 m threshold, only a small amount of urban texture emerges, primarily
in the western part of the old city of Hankou, the southern part of the former Concession
Historic District, and the western part of the old city of Wuchang. Additionally, texture
clusters are observed in the urban villages and old communities of modern districts such
as Huaqiao, Erqi, and Baofeng. As the distance threshold increases to 10 m, texture
clusters start to appear in larger quantities, albeit on a smaller but denser scale. Notably,
the spatial distribution pattern of the texture clusters revolves around the four major
historic districts, with Hanzhengjie in Hankou and Tanhualin and Xujiapeng in Wuchang
witnessing the emergence of slightly larger clusters first. However, texture clusters in
contemporary urban districts like the Wangjiadun CBD, Zhongnan–Zhongbei, and Xudong
remain relatively scarce.
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Further increasing the distance threshold reveals the appearance of large-scale and
complete texture areas, transitioning from a fragmented urban texture to area-based char-
acteristics. This transition allows for the observation of spatial differentiation in the urban
texture. In the 15–20 m range, large-scale texture clusters dominate the old city plate,
particularly in the former Concession Historic Area from Jianghan Road to Yiyuan Road in
Hankou and the Liangdaojie Area in the Wuchang Historic City. Subsequently, numerous
large-scale clusters in modern urban texture areas emerge, such as the Huaqiao and Erqi
districts on the outskirts of Hankou and the Dingziqiao district in Wuchang. Nevertheless,
the former Concession Historic District in Hankou remains the largest texture cluster, while
the Dingzhiqiao district gradually consolidates to become the largest texture cluster in
Wuchang. At 40 m and larger scales, the texture pattern of contemporary urban areas
becomes regular and complete. The distribution pattern of the texture aligns with the
division of the urban space by expressways and main roads to some extent. Moreover,
the texture of the historical urban areas in Hankou and Hanyang within the old city plate
extends beyond their boundaries, while the historical urban area of Wuchang gradually
forms an independent texture cluster consistent with its own boundaries.

The urban texture is a complex structure with a hierarchical relationship, where
different types of texture exhibit distinct morphological patterns at each scale level. The
evolution of different urban textures also varies with changes in scale. The old urban
texture in both the old city area and modern city area demonstrates the characteristics of
small-scale dependence. Numerous texture clusters emerge at small scales and gradually
reach a certain scale and completeness. In contrast, the contemporary city area exhibits
more sparse and fragmented characteristics. It is fragmented at a small scale and shows the
characteristics of regionalization at a large scale.

4.3. Characterization of the Hierarchical Evolution of Texture Clusters

The changes in the relevant measurement indexes of the texture clusters in each area
are shown in Figure 8. The coverage rate of the texture clusters reflects the urban texture
generation under different thresholds. Apart from the Xudong district, all districts exhibit
a pattern of a rapid increase followed by a slower increase. Hanzheng Street and Simenkou,
the two old city districts, consistently have the highest coverage rates under each threshold.
The coverage rate rapidly reaches 80% within the 20 m range, indicating the small-scale
dependence of the texture in the historical urban area. The Xudong district has the lowest
coverage rate below the 30 m threshold, but the texture area still rapidly increases at larger
scales, while the other districts generally experience a significant slowdown in the rate of
texture generation after the 30 m threshold.

The number of texture clusters generally follows a trend of increasing and then
decreasing, peaking at 10 m. The Hankou riverine area stands out with a higher number
of texture clusters due to its unique features of small blocks and a dense road network.
In the old city area, the fragmented urban texture quickly integrates after reaching the
peak, resulting in a sharp decrease in the number of clusters. The three contemporary
urban texture areas, Zhongnan–Zhongbei, Lingjiaohu, and Heshan, all reach their peaks
at 15 m. Among them, Zhongnan–Zhongbei has a significantly higher number of textures
at the mesoscale threshold, partly due to the larger scale of the area and partly due to the
emergence of a modern urban texture at a higher level of hierarchy. The Xudong district, as
a typical new city district, peaks at 35 m and has a higher number of textures compared to
most districts at the peak.

The average and maximum size of the texture clusters increase gradually with the
distance threshold. The old city area demonstrates higher sensitivity to changes in scale.
The Hankou–Yanjiang area and the Simenkou area exhibit a higher texture scale at the
small-scale level compared to other areas. At the medium-scale level, the Dingziqiao and
Huaqiao areas in the modern city showcase larger-scale texture clusters. At the large-
scale level, the Zhongnan–Zhongbei area stands out as the only contemporary texture
area with the largest texture clusters. In contrast, the size of the texture clusters in other
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contemporary urban areas shows less variation with scale. The dominance of large-scale
spaces and buildings in these areas results in the maximum and average sizes of the texture
clusters being much lower than those in the old city areas, despite the larger texture areas
in the large-scale hierarchy.
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The overall standard deviation at different scales reflects the differences in the size of
all texture clusters within each urban district, and the internal differences in all districts
show an increasing trend. The texture clusters maintain more similarity at smaller scales.
At larger scales, the Simenkou and Dingziqiao areas merge into a single large-scale texture
cluster. Therefore, there are no differences between the urban texture patches, resulting in
a standard deviation of 0. On the other hand, the differences in size between the texture
clusters in the Wangjiadun CBD, Lingjiaohu, and Xudong districts exhibit less variation
across scale levels, indicating that the texture clusters in contemporary urban districts share
similarities with each other.

The distribution of the texture clusters fusing in the hierarchical evolution process is
determined by overlaying the urban texture at different scales. This analysis only considers
the fusion between identified urban texture clusters at various scales and does not include
the fusion of texture clusters with non-texture patches. The results of this identification
process are shown in Figure 9, where darker colors indicate a higher number of texture
cluster fusions.

Between 5 and 10 m, the fusion process only occurs in the historic urban area, urban
villages, and old neighborhoods. From 10 to 15 m, the fusion process increases significantly
in all areas except the contemporary urban area. The fusion rate of the former tenement
historic urban area in Hankou accelerates, while the rest of the areas show little difference.
Between 15 and 20 m, the fusion of the texture clusters is dominated by Hankou–Yanjiang
and the Simenkou old urban area, and large-scale texture clusters are formed first. The
small-scale dependence of the old city texture allows internal buildings to coalesce spatially
and form complete texture clusters at a small scale. The closely connected texture buildings
maintain the integrity and internal connectivity of the texture. Subsequently, the integration
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of the texture in modern urban areas accelerates significantly. The integration process is
evident in the Xinhua, Huaqiao, and Dingziqiao areas within the range of 20 to 40 m. The
integration of the contemporary urban texture mainly occurs at large scales and progresses
at a slower pace.
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There is a difference in the scale characteristics of integration between the Hankou and
Wuchang historic districts. The integration process between the former Hankou Concession
Historic District and the surrounding texture occurs at all scales. In contrast, the Wuchang
Historic District breaks through its own boundary and integrates with the surrounding
texture only within the range of 45 to 50 m, making its separation from the surrounding
area more pronounced.
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4.4. Quantitative Measurement of Spatial Heterogeneity of Texture Clusters

The characteristics of different types of texture are analyzed from the perspective
of the urban texture morphology, and the intrinsic reasons for the differences in texture
scale-dependent features are explored. From the results of the identification of texture
clusters at different scales, it is evident that identifying texture clusters at too small a scale
results in incomplete and fragmented spatial information. On the other hand, fusing texture
clusters at too large a scale leads to an oversized texture scale, which masks the distinctive
characteristics of the urban micro-texture. To measure the morphological indexes, the 20 m
scale-level myo-morphological clusters were selected based on the phase variations of the
coverage index (Figure 8). The results of these measurements are presented in Figure 10.
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Second Ring Road Area.

The intensity index measurement reveals that high-construction-intensity texture clus-
ters are predominantly found along the river in Hankou, Hanzheng Street, and Simenkou
Old Town. The area from Wusheng Road to Jianghan Road exhibits the highest building
density, reaching 50%. Conversely, the Wangjiadun, Xudong, Zhongnan–Zhongbei, and He-
shan areas generally exhibit a lower texture construction intensity. The clusters of high-rise
buildings have a small-scale, point-like, discrete distribution pattern. On the other hand,
the clusters of low-rise buildings are more closely related to clusters with low volume rates,
which have a larger scale. Among the four historic districts, the Wuchang Historic District
has the lowest number of building floors.
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Examining the shape indexes, we note that large-scale building textures are mainly
clustered in the southern part of the Wangjiadun area, the western part of the Xinhua
area, and the northern part of the Hanzhengjie area in Hankou. These clusters consist
primarily of residences, factories, and public buildings. In Wuchang, they are dispersed
and mainly comprise high-rise residential buildings. Small-scale architectural textures
are predominantly distributed in the historical urban area, urban villages, and old urban
residential areas. When considering the area-weighted shape index measure, more regular
and irregular texture clusters are identified. Generally, the shape index of the small-scale
architectural texture is lower, indicating a more regular architectural form. Notably, the
architectural form index of the texture clusters in the Xinhua district of Hankou, Zhongnan–
Zhongbei, and the Xudong district of Wuchang is larger.

Turning to the texture index measure, the edge density of textured buildings in
historical urban areas, which reflects building fragmentation, is generally high. This
is often manifested by a dense distribution of small-scale buildings in space. Specifically,
the dispersion of the buildings in the Wuchang historical urban areas is relatively high.
However, in the southern part of Hankou, the Wuchang–Dingziqiao area, and the Heshan
area of Hanyang, the dispersion of the buildings is relatively poor. Moreover, the degree
of coupling between the sky openness and construction intensity is high, with a higher
construction intensity associated with lower sky openness. The dense concentration of
buildings in the old cities of Hankou and Hanyang contributes to reduced sky openness,
whereas the historical urban area of Wuchang benefits from relatively higher sky openness
due to its lower number of building layers.

Urban texture patches exhibit spatial diversity and heterogeneity. The index system
shows the complexity of the urban texture form from different dimensions. There is
a certain correlation between different texture indicators. For example, the small-scale
building texture tends to have more regular building forms, while areas with a high floor–
area ratio have a less open sky. However, despite belonging to the same texture type, the
morphological characteristics are not completely similar. For instance, historical urban
areas are generally characterized by a higher construction intensity and dispersion, but
they exhibit noticeable differences in the floor height, building volume, and shape index.

Urban districts typically consist of multiple texture types, and the same type of
texture has the characteristics of cross-district agglomeration and distribution. Examples
include a high volume rate texture, low-rise building texture, large-scale building texture,
and fragmented building texture. The size of the texture clusters at different scales can
be determined by various indicator systems. Larger-scale texture clusters are typically
characterized by a high building density, low number of floors, regular building shape, and
high fragmentation, among other features.

4.5. Measurement of Texture Toughness

The texture clusters exhibit cross-scale containment relationships in space, where
small-scale texture clusters are part of the larger-scale hierarchy of texture clusters. A
dendrogram is utilized to depict the inclusion relationship among the texture clusters at
different scales and analyze the evolutionary relationship of the largest and sub-largest
clusters in the Hankou, Wuchang, and Hanyang areas, as shown in Figure 11. The texture
tree structure in the Hankou and Wuchang areas is large, and the differentiation rate is
slow and uniform, while the Hanyang area is characterized by a simple tree structure with
a “slender” shape and rapid differentiation at smaller scales.

The Hankou area is divided into two distinct clusters: the Hankou Historical and
Cultural Landscape Area and the peripheral area at the 80 m level. The largest cluster in
Hankou, at the 60–80 m scale, is primarily distributed in the peripheral area. The Hankou
Old Town Area, at the 50 m scale and below, serves as the largest cluster, being further
divided into Hanzheng Street, the former Concession Historic District, and other historical
clusters. The largest cluster in Wuchang at the 30–80 m scale consistently originates from
the original largest cluster, among which the largest cluster at the 30–60 m scale is located
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in the Zhongnan–Zhongbei and Dingziqiao branches. The Wuchang Historic District
cluster, at the 50 m scale, is independently visible and serves as the second-largest cluster
in the Wuchang area. Additionally, the cluster in the Liangdao Street area at the 25 m
scale and below becomes the largest texture cluster. In the Hanyang area, the largest
and second-largest clusters at the 40–90 m scale are located in two different branches:
Jiangcheng Avenue East and West. The historical areas of Hanyang Old Town and Guiyuan
Temple, which belong to the branch of the largest cluster, appear and become the largest
or sub-largest clusters, respectively, at the 30 m scale and below. In summary, the clusters
produced by the differentiation of Hankou, Wuchang, and Hanyang Old Town, or the
larger clusters including them, tend to appear as the largest or sub-largest clusters with
good continuity and have strong texture toughness.
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The quantitative measurement results of the texture toughness of the Wuhan Second
Ring Road Area based on the hierarchical inclusion relationship of the texture clusters
are shown in Figure 12. These findings align with the tree diagram analysis, indicating
that the texture of the old city area exhibits higher toughness compared to the modern
city. Specifically, the Youyi Road to Sanyang Road area, belonging to the former Hankou
Concession Historic District, the Liangdao Street area, belonging to the Wuchang Historic
District, and the northern part of the Zhanjiang Road area, belonging to the Hanyang
Historic District, demonstrate the highest texture toughness. These areas maintain the
integrity and connectivity of the historical building texture within the multi-scale hierar-
chical texture network. Despite the detrimental impact of a small number of point-cluster
high-rise buildings, they are resilient enough to withstand the large-scale destruction of
the surrounding texture features. However, within the historical urban area, the texture of
the Hankou Sanyang Road to Wuhan Tiandi area and Guishan North area lacks sufficient
toughness. The former area is dominated by modern large-scale urban buildings, and it
is obviously different from the original concession area in Hankou adjacent to the south,
resulting in weak architectural connections. The Guishan North area is hindered by natural
factors such as mountains and rivers, leading to the weak spatial dependence of the texture
on its external surroundings.

In the modern urban texture area, the Dingziqiao area exhibits the highest tex-
ture toughness. The eastern Xinhua area, the northern Huaqiao area, and the southern
Zhongnan–Zhongbei area also demonstrate relatively good texture toughness. On the other
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hand, the Hankou Lingjiaohu area and Wuchang Xudong area exhibit the lowest toughness
among the contemporary urban texture areas. This is partly due to the requirement of
large-scale building spacing, which weakens the architectural connections and makes it
difficult to maintain the texture stability at a small scale. Additionally, blockages in the
main roads surrounding these areas further weaken their spatial connections with the
external environment.
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5. Discussion
5.1. The Rational Organization of the Urban Texture

The formation of the traditional urban morphology relies on the pedestrian traffic net-
work, and the pedestrian-oriented city, which has gradually developed over time, follows
a fractal model [75], with its texture elements tightly connected at a small scale. When
the city grows to a certain scale, certain urban textures are dismantled to accommodate
new large-scale structures, such as wider roads and large parks. This transformation shifts
the city from being pedestrian-oriented to car-oriented [76]. The intrinsic value of the old
urban neighborhoods is underestimated, and their structures are often seen as chaotic.
In the process of urban construction and development, many buildings and blocks that
should be preserved have suffered from destructive destruction and encroachment. When
the occupied land does not align with the original urban texture, the fragmentation of the
urban texture occurs [77].

In modernist planning, the organization of the urban texture often involves placing
similar elements and blocks together, leading to strict functional zoning and monotonous
architectural use. This approach results in the unreasonable organization of the urban
texture. Similar to Le Corbusier’s modernist urban vision [78], current urban development
based on large-scale skyscrapers, highways, and open spaces overlooks the need for small-
scale hierarchical structures that are essential for a vibrant city. When a city lacks small-scale
elements and connections in its structure, it loses its fractal characteristics. The vitality of
a city comes from its connectivity, and the existence of all geometric forms is intended to
create a connected network for people to interact with each other [79]. However, modernist
urban planning, while emphasizing the material quality of the built environment, often
neglects the specific behavioral patterns of people in real spatial settings. Urban life requires
a well-connected network of pedestrian-friendly spaces that follow an inverse power-law
distribution across different scales [76].

The urban texture is the outcome of various factors that accumulate over time. The
texture of modern and contemporary urban areas differs from that of traditional historical
urban areas. When planning urban spaces, it is important to preserve the organic structure
inherited from the traditional city while also accommodating the modern city’s need for
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spatial order. Achieving the harmonious integration of these two aspects is a crucial
consideration in current urban planning and design projects. In the process of urban fabric
organization, both the Caniggia and Conzen schools emphasize the continuity of history in
the urban form, advocating for the preservation of the historical buildings and urban fabric
to maintain the identity and culture of the city [28]. The methods of typological extraction
and reconstitution can be applied to urban planning and design. However, the rationality
of urban fabric organization lies not only in the replication process of fabric prototypes but
also in the continuation of fabric connectivity structures.

The rational organization of the urban fabric exhibits a stable fabric structure, char-
acterized by the consistency achieved through the interconnectedness of each node. The
tight connection across multiple scales in the urban fabric helps to prevent the disruption
caused by construction activities. Applying fractal theory to urban design, the key aspect
of fractals lies in their hierarchical structure, where a fractal city consists of structural com-
ponents at all scales, ranging from the overall city scale to the detailed building materials.
Cities need to achieve connectivity at all scales, maintaining a balance between large-scale
and small-scale connections [80]. By integrating both bottom-up and top-down planning
approaches, a city spontaneously generates its urban fabric at a small scale, while being
influenced by planning interventions. However, planning should be based on the mainte-
nance of urban texture growth and establish large-scale connections strictly according to
hierarchical positions [81]. The interaction interfaces between different scales should be
achieved without destroying each other, maintaining fractal interfaces that are conducive
to the preservation of traditional texture scales and boundaries. Through the examination
of the texture at different characteristic scales, the stability of the urban texture at critical
scales can be ensured.

5.2. Suggestions on Urban Texture Optimization in Wuhan

As for the historical urban area, the former Hankou Concession Historic District, with
its joint influence of Western and local cultures since its opening in modern times, has
developed a distinct urban texture characterized by courtyard-style Rifen, neighborhood
apartments, and courtyard-style foreign firms’ mansions. However, the demolition of
Rifen and old bank buildings, along with the subsequent construction of modern high-rise
buildings during the reform and opening-up period, has resulted in a fragmented historical
texture. The coexistence of historical plots, mixed plots, and modern high-rise buildings
has gradually formed, and modern buildings have intensified the rupture of the historical
texture. Similarly, the architectural texture of the Wuchang Old City exhibits a dense
pattern in the north and a sparse pattern in the south. The northern area comprises mainly
low-rise, compactly distributed buildings, while the southern area has been greatly affected
by the dotted damage caused by high-rise buildings and the fragmentation caused by
large public buildings. To preserve the stability of the texture network in the renewal and
reconstruction of the historical city, it is crucial to employ a local and small-scale progressive
adjustment approach, utilizing urban acupuncture methods for precise interventions [82].
This approach allows buildings of different ages and functional conditions to coexist,
reflecting the evolution of architectural archetypes over time. Additionally, in the planning
process, an emphasis should be placed on enhancing the continuity between the historical
urban area and the surrounding environment, as the integration of the Wuchang Old City
with its surroundings is relatively weak compared to the old city of Hankou.

The modern urban texture is characterized by a mixture of old and new architectural
styles in the Wuhan Second Ring Road Area. The majority of old buildings, which consist
mostly of multi-storey townhouses, are being demolished and rebuilt during the renewal
process. As a result, the renewed area is dominated by high-rise and large-scale buildings,
leading to organizational differences and spatial conflicts between the old and new textures.
This situation has resulted in fragmented patches of texture and contrasting landscapes.
In the process of district renewal, the focus should not solely be on the modernization
and consistency of the urban texture and landscape. Instead, it should prioritize the
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reorganization and integration of the overall environment and functional structure of the
block. Based on the current situation, the protection of the more intact internal texture
should be the core consideration. Spatial stitching theory can be utilized to identify and
connect fractured areas of the landscape texture [83]. By employing axial connections and
integrating the node spaces of the band, the fragmented urban texture and functionality
can be reconciled and reorganized.

New urban towns, on the other hand, are independent and complete contemporary
urban texture areas located on the city’s periphery. Due to large-scale construction activities
such as mega blocks and wide roads, texture disconnection may occur. The planning
of new towns should prioritize compact land use layouts, the mixing and upgrading
of incompatible functions, and the maintenance of the human scale. By controlling the
building scale and integrating the external spaces of the buildings, the continuity of the
architectural texture can be preserved [84].

6. Conclusions and Outlook
6.1. Conclusions

This study applies network percolation theory to examine the urban texture in Wuhan’s
Second Ring Road Area. It quantitatively analyzes the scale dependence and cross-scale
evolution of different types of texture patches and measures the spatial heterogeneity of
the texture clusters and texture toughness, revealing the intrinsic mechanism behind the
scale dependence of the city’s texture. The main conclusions of the study are as follows.

(1) Different types of urban texture exhibit distinct morphological patterns at different
scales, and their evolution varies with scale changes. The old urban texture exhibits
small-scale dependent characteristics, emerging in large quantities at small scales and
reaching a certain scale and completeness first. The contemporary urban texture expe-
riences fragmentation at small scales and demonstrates regionalization characteristics
at larger scales.

(2) The texture of the old city is highly sensitive to scale changes, expanding rapidly
at small scales. It has higher texture coverage, a larger number of clusters, and the
maximum texture size compared to other districts. In contemporary urban districts,
the size of the texture clusters and differences in cluster size show less variation across
scales. The dominant process of texture integration shifts from the old city area to
the modern city area as the scale changes. The old city area maintains its texture
integrity and internal connectivity at small scales, while the integration process for
the contemporary city texture occurs at larger scales and slower speeds.

(3) Urban areas consist of multiple texture types, and the same texture type exhibits cross-
area agglomeration and distribution characteristics. There is a certain correlation
between the morphological indicators of texture patches, and the morphological
characteristics of the same texture type are not completely similar. The size of the
texture clusters emerging from a specific scale is determined by various indicator
systems. Large-scale texture clusters typically exhibit a high building density, low
number of building floors, regular building shape, and high fragmentation.

(4) The connectivity of the urban texture in the multi-scale hierarchical network deter-
mines its toughness in resisting external disturbances. The urban texture of the old
city area demonstrates strong connectivity in the multi-scale hierarchical network
and usually appears as the largest or second-largest cluster, indicating strong textural
toughness. The contemporary urban texture, characterized by large-scale building
spacing and urban road blockages, weakens the spatial connection between the inte-
rior and exterior of the texture, resulting in poor texture toughness.

6.2. Outlook

This study takes into account various types of urban texture at different scale levels,
and the range and span of these scale levels are extensive. The findings reveal variations in
the scale dependence of each type of urban texture. Therefore, the choice of resolution level
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should be based on the specific research objective. In the future, it is important to focus on
the spatial pattern and evolution of different types of urban texture at a more refined scale.
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