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Abstract: With rapid urbanization, urban underground space (UUS) development has
become crucial for sustainable urban growth. This paper systematically reviews geological
suitability evaluation (GSE) methods for UUS, integrating theoretical frameworks, indicator
systems, and assessment techniques. We establish a comprehensive evaluation framework
based on environmental strategic assessment (ESA) principles, analyzing key geological
factors, including rock/soil properties, hydrogeological conditions, geological hazards, and
existing underground structures. The study compares weighting methods (AHP, EWM,
CRITIC) and comprehensive evaluation models (FCE, TOPSIS, BNM), highlighting their ad-
vantages and application scenarios. A case study of Xiong’an New Area demonstrates how
multi-layer UUS planning integrates geological constraints with sustainable development
goals. The results show that combining 3D geological modeling with hybrid evaluation
methods significantly improves decision-making accuracy. The review provides practical
guidance for optimizing UUS utilization while addressing current challenges in indicator
selection, weight rationalization, and heterogeneity management.

Keywords: urban underground space; geological suitability evaluation; evaluation index
system; evaluation technical methods; 3D geological modeling

1. Introduction

As urban populations continue to grow and cities rapidly develop, investments in
urban infrastructure are increasing [1]. The saturation of ground space, scarcity of land
resources, and worsening urban traffic congestion pose significant challenges [2]. Many
cities are faced with the urgent task of meeting urban development needs within limited
land resources [3]. Urban underground space (UUS) development and utilization have
become crucial strategies to support urban growth, mitigate land scarcity, and improve
land resource utilization efficiency [4-6]. The development and utilization of UUS is
considered an essential aspect of sustainable development [5,7,8], representing one of the
few remaining natural resources that have yet to be fully tapped into [9]. The emphasis
on UUS has attracted growing interest and stands out as a novel area of research [10].
However, UUS is regarded as a non-renewable resource [11], as its physical space and
spatial continuity with specific soil strength cannot be returned to its initial condition once
harmed [12].
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Underground cities and rock houses were built from the early beginning of architecture,
with significant examples of cities: Sanmenxia in China in Henan Province, Matmata
(Tunisia), Cappadocia (Turkey), Uplisciche (Georgia), Brlhovce (Slovakia), etc. [13] The
selection of rock types must take into account their durability and ease of excavation.
Humans have utilized stable rock formations, such as volcanic tuff (e.g., Cappadocia,
Turkey) and sandstone (e.g., Ellora Caves, India), for underground living. The modern
development and utilization of UUS began with the construction of the first underground
railway in London in 1863 [14]. A surge in the construction of UUS occurred from the early
1960s to the late 1970s. Since the 1980s, Japan has experienced significant growth in the scale
of individual underground streets, improvements in design metrics, and enhanced disaster
resistance measures [15]. Major cities in the United States started constructing subways
in the aftermath of the 20th century, improving urban transportation services’ efficiency
and stimulating commercial growth. China’s UUS development commenced in the 1960s,
initially focusing on civil air defense engineering [16]. During the early 21st century, cities,
like Beijing, Shanghai, Guangzhou, and Hangzhou, began strategizing the development
and use of their UUS. UUS development not only eases pressure on urban surface areas
but also opens up new opportunities for urban development. There are constraints on
UUS development and urban planning due to the structure of strata, hydrogeological
circumstances, and a variety of engineering environmental geological impediments [17].
Challenges may arise during construction if there is not enough knowledge of engineering
geology and hydrogeological states [18]. Despite this, there are still practical obstacles to
UUS development, such as intricate geological situations, lack of cohesive planning, and
insufficient development and utilization.

Research on the geological suitability evaluation of urban underground spaces
(GSEUUS) has begun to focus on developed countries in Europe and the United States. The
Underground Space Center at the University of Minnesota and the Shimizu Institute of
Technology in Japan utilize appropriate living and working environments as criteria for
assessing engineers and designers [19]. This includes an examination of the current status
of underground land use, development trends, psychological issues, structural design, and
life safety. In-depth discussions have been conducted on various design-related topics.
GSEUUS primarily focuses on regions in Europe [20-22] and the United States [21,23].
These evaluations have involved quantitative risk assessments that consider active geologi-
cal processes, such as earthquakes, landslides, and liquefaction, in conjunction with local
policies. Drawing from research on underground linear engineering [24], the relationship
between active faults and underground infrastructure [25], as well as hydrogeological
conditions affecting underground structures [26], the United States has intensified its re-
search efforts on UUS. This research further supports risk assessment, spatial adaptability,
and related space planning initiatives. The emergence of new technical tools, such as
LiDAR, InSAR, and geological radar (GPR), has enhanced the accuracy of suitability evalua-
tions [27,28]. As research progresses, systems and methodologies for GSE indices have been
developed [12,29], incorporating indicators that identify resources, which restricts develop-
ment and necessitates ongoing protection. The integration of technologies, such as GIS and
remote sensing, has facilitated deeper research into these areas [30,31]. The environmental
impact of UUS [31,32], along with its social and economic implications [12,33] and the influ-
ence of climate change [25,34] on UUS development, has increasingly become a focal point
of research. Given the systematic and complex nature of GSEUUS, the evaluation methods
employed are becoming increasingly sophisticated [35,36]. Additionally, 3D modeling tech-
nology has rendered evaluation results more tangible [37], thereby enhancing the ability
of suitability evaluations to inform decision support systems (DSS). UUS is recognized as
a significant component of land planning [38], prompting the incorporation of a policy
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framework for UUS into urban planning policies [39], which underscores the necessity of
integrating UUS considerations into urban planning [39]. An authoritative report released
by the National Academy of Sciences systematically summarizes the geological, engineer-
ing, and policy frameworks relevant to the development of UUS in the United States [40].
With the acceleration of global urbanization process, environmental Strategic Assessment
(ESA), as a fundamental tool for global land use planning, ESA emphasizes the systematic
integration of environmental and social factors at the Policy, Planning, and Program (PPP)
level to prevent irreversible impacts of development activities on ecosystems [41]. In the
context of UUS development, ESA offers a decision-making framework for GSE through
multidisciplinary collaboration, stakeholder engagement, and long-term impact forecasting.
For instance, the EU Strategic Environmental Assessment Directive (2001/42/EC) (SEA
Directive) [42,43] mandates that major infrastructure projects assess potential risks to soil,
hydrology, and cultural heritage during the initial planning phase [44]. In the past five
years, an examination of the keyword “geological suitability evaluation of urban under-
ground spaces” reveals that a significant portion of the relevant literature has been authored
by Chinese scholars, with research primarily concentrated in various cities of China. The
methodologies employed for these evaluations are increasingly reliant on mathematical
calculations, often utilizing a combination of various methods [45]. Additionally, the survey
techniques adopted include a range of innovative exploration technologies [18,46], leading
to a transition in the depiction of geological structures from 2D evaluations to 3D digital
simulations [47,48]. This trend is closely tied to China’s policy framework, where national
initiatives, such as “changing the urban development model” and “promoting new urban
construction,” have been established. These measures aim to harmonize the utilization of
aboveground and underground spaces through development strategies characterized by
“functional complexity” and “3D development” [49]. Consequently, local governments are
tasked with formulating comprehensive planning and management strategies for key areas,
tailored to the size and specific requirements of their cities. Thus, suitability evaluations
serve as a scientific foundation for enhancing urban quality.

Geological suitability evaluation (GSE) development is a systems engineering. Se-
lecting the right evaluation method is key to accurately and scientifically assessing the
suitability of UUS development [30,50,51]. When it comes to developing UUS, one must
prioritize evaluating the geological suitability of the area based on the specific conditions of
the city [52]. This involves choosing evaluation indexes that are tailored to the development
and utilization conditions of the space, with a focus on addressing environmental geological
issues that may pose obstacles to UUS development [17]. To ensure a comprehensive and
accurate evaluation, key indicators, such as topography, landform, engineering geological
properties of the rock and soil mass, hydrological conditions, adverse geological impacts,
and the 3D structure, must all be taken into consideration [53]. Furthermore, it is crucial to
also consider the presence and distribution of underground structures, cultural relics and
remains during the evaluation process. secondary indexes are formulated depending on the
municipality’s specific attributes and the existing conditions of UUS [52]. Qualitative eval-
uation relies on geological data and urban geological survey standards to assess geological
conditions and draw conclusions on suitability [52,54]. Appropriate evaluation methods
can assess geological data and relevant standards to determine the feasibility of UUS
development. On the other hand, quantitative evaluation involves analyzing the impact
of factors using mathematics, engineering geology theory, and local conditions [4,51,55].
Establishing a more complex evaluation system would necessitate the incorporation of
additional methods for processing diverse data, making the use of computer assistance
essential. This allows decision makers to draw conclusions on suitability to support urban
planning and construction. Master planning of UUS is essential for guiding the orderly
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utilization of such spaces. Qualitative evaluation focuses on analyzing geological data and
norms to determine suitability, while quantitative evaluation involves analyzing factors
using mathematical and engineering geology theories. Master planning plays a significant
role in guiding the orderly utilization of UUS [2,56-58].

This study explores the significance of GSE for the utilization and development of
UUS, drawing from experiences on global scale. Beginning with the evaluation objectives,
elements, and steps, the theoretical framework of Geological Evaluation for GSEUUS is
systematically presented. The indicators used in the evaluation are elucidated from the
perspectives of geological bodies, geological resources, geological environments, geological
disasters, and underground structures. It delves into the importance, function, and essential
nature of these assessments, along with examining the content, methodologies, criteria,
factors influencing, and suitable conditions associated with this practice. Additionally,
it reviews and scrutinizes the present obstacles and future directions of GSE techniques.
These results provide a basis of scientific knowledge for the sustainable advancement and
use of UUS.

2. The Basic Frame of the Geological Suitability Evaluation of Urban
Underground Space (GSEUUS)

2.1. Evaluation Objectives

The objective of GSEUUS must be framed within the context of environmental strategic
assessment, grounded in geological safety, and pursued through multi-objective coordina-
tion. By leveraging technological innovation and policy coordination, the assessment aims
to analyze the conditions of underground space resources (USR). The evaluation serves as
a foundation for informed decision-making regarding the development and use of UUS by
thoroughly examining various attributes, including spatial features, resource availability,
environmental factors, and potential disasters associated with underground resources [59].
Achieving a sustainable future requires that underground development remains within ca-
pacity limits, ecological protection is upheld, and social needs are adequately addressed [41]
(Figure 1).
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Figure 1. Integrated framework for GSE based on ESA [60,61].
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2.2. Evaluation Elements

This comprehensive evaluation encompasses five fundamental elements: the sub-
ject of evaluation, evaluation indicators (Figure 1 green rectangle), weight coefficients
(Figure 1 blue rectangle), a comprehensive evaluation model (Figure 1 yellow rectangle),
and evaluator and explanation (Figure 1 purple rectangle) [62].

In GSEUUS, the subject of the evaluation is the USR, which incorporate physical
aspects found on the Earth’s exterior. This includes natural elements, such as groundwater,
soil, and rocks, as well as artificial constructions, like diverse engineering buildings situated
both above and beneath the Earth’s surface. Additionally, it is essential to consider concep-
tual elements, which include the various concepts, principles, and knowledge necessary to
comprehend the system’s elements, structures, and functions. Furthermore, this evaluation
must take into account the various regulations, planning documents, technical standards,
and emergency plans established to govern and manage the interactions between humans
and the Earth [59].

Choosing the appropriate evaluation indicators must adhere to the principles of
independence, comprehensiveness, quantifiability, and measurability. It is essential to in-
corporate all relevant indicators for assessment while minimizing any redundancies among
them. Furthermore, the indicators should be appropriately refined. When a single indicator
can be articulated through multiple evaluation metrics, it facilitates the differentiation of
indicators and enhances the analysis of the issues at hand. Importantly, the information
required for these indicators should be readily accessible.

The weight coefficients play a vital role in quantifying the evaluation index, as it
indicates the importance of that index. There are several techniques for determining the
weight coefficient, such as the method of expert survey, the analytic hierarchy process
(AHP), and the entropy weighting method (EWM). Depending on a solitary evaluation
method might yield fixed results that do not accurately reflect real conditions or could
overstate specific factors. To address these challenges, using a strategy that combines
multiple methods can improve the scientific credibility of the findings. For example,
applying GIS spatial analysis along with the AHP and multi-criteria analysis (MCA) [63] or
utilizing the AHP guided by expert insights [64] can produce more reliable assessments.

The development of a thorough evaluation model generally depends on the measure-
ment matrices of each system, as well as a weighted average derived from the evaluation
index metrics across these systems.

It is essential for the evaluator and explanation to identify the key thresholds of the
evaluation outcomes, categorize the results, and establish a suitability score. To select
the critical value, various methods can be employed, including analogy, analysis of fre-
quency curves, probability assessments, or graphical illustrations. The application status
of the output products will prompt adjustments in case strategies, thereby achieving a
closed-loop evaluation.

2.3. The Collaborative Mechanism Between ESA and GSEUUS

The synergy between ESA and GSEUUS must be achieved through multiple path-
ways. Firstly, ESA’s sustainability goals—such as reducing carbon footprints and protect-
ing groundwater systems—should be integrated into the evaluation indicator system of
GSEUUS [6]. Specifically, indicators, like the “avoidance rate of ecologically sensitive areas”
and the “carbon emission intensity of underground development,” should be incorporated
as binding criteria for geological suitability assessments. For instance, automatic down-
grading of development suitability should occur within ecological redline zones to ensure
alignment with their objectives (Figure 1 green rectangle). Secondly, during the assessment
process of GSEUUS, the screening and scoping steps of ESA should be prioritized to identify
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geological units that require special protection, such as aquifers and fault zones. Addition-
ally, both parties should share data and leverage ESA’s cross-domain databases, including
ecological redlines and cultural heritage distribution, to optimize GSEUUS’s 3D geological
models, thereby avoiding planning conflicts. Taking the groundwater vulnerability map
as an example, a shared data mechanism is established to integrate the ESA data layer
into the GSEUUS application scenario using methods, such as spatial overlay analysis
and weight correction. Finally, by incorporating ESA’s public consultation process and
organizing stakeholder workshops, community acceptance of UUS development can be
fostered to address social preference biases in weight allocation [65], further promoting the
collaborative synergy between ESA and GSEUUS.

3. Evaluation Indicators

Urban geological surveys can gather a range of indicators to assess geological com-
patibility, focusing on significant aspects of urban planning, construction, operation, and
management. These surveys examine various factors, including space, resources, environ-
ment, and hazards [66]. Typically, the GSE may encompass more than ten indicators [10,67].
Bobylev categorizes evaluation indicators into two main types: non-renewable and re-
newable resources [12]. He further refines the non-renewable category into four classes:
physical space, space with specific soil strength properties, excavated materials, and cultural
heritage. The renewable category is subdivided into groundwater and geothermal energy.
Parriaux classifies potential resources, encompassing USR, water resources, geothermal
resources, and geological relics [68]. Based on environmental strategic assessment, establish
a quantifiable data index system while ensuring geological safety, ecological sustainability,
and social acceptance. (Figure 2 blue rectangle).

The evaluation indicators presented in this article integrate existing examples along-
side the team’s experiences. When assessing the geological features of UUS, it is essential
to consider both, "physical” indicators and those related to "human activities’. Accordingly,
evaluation indicators can be categorized into natural and humanistic primary indicators
(Figure 2 green rectangle). Natural indicators include factors, such as groundwater, soil,
and rock formations, while humanistic indicators encompass surface and subsurface en-
gineering constructions [59]. Secondary indicators for natural elements can be further
divided into geological formations, geological resources, geological environments, and geo-
logical disasters, whereas human elements pertain to subsurface infrastructures (Figure 2
yellow rectangle).

The selection of indicators for 2D GSE is constrained by factors, such as the specific
evaluation target, the level of information mastery, the accuracy of survey, and the disper-
sion of data. In contrast, a multi-layer or 3D GSE may require a more comprehensive set of
evaluation indicators. The challenge in 3D GSE lies in effectively capturing the plane and
layered heterogeneity of each parameter to better reflect the actual geological, engineering
geological, hydrogeological and environmental geological conditions [69]. Including eco-
logical data, social data, engineering data, etc. in the evaluation index would hold more
practical significance [55,70] (Figure 2 orange rectangle). The subsequent discourse in the
article elaborates on tertiary indicators, their characteristics, and methods of data collection.
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Figure 2. GSE index system based on ESA [61,71-73].

3.1. The Geological Body

The geological body acts as the basis for the development and utilization of UUS
resources, as well as the underlying factor that influences the conditions associated with
these resources. Consequently, geological conditions are paramount in the evaluation of
UUS [74]. While geological bodies are tangible entities, geological modeling—whether in
3D or 2D form—primarily aims to investigate the geological body itself. The geological
conditions of a geological body reflect its natural endowment and significantly influence
the suitability and feasibility of developing and utilizing UUS. Geological conditions, along
with rock and soil structure and geological structure, comprise the tertiary indicators of the
geological body (Figure 2).

3.1.1. Geological Conditions

Geological conditions reflect the formation processes and state of geological bodies.
Topography and landforms serve as primary criteria for describing and distinguishing these
geological conditions. For instance, significant variations exist in the geological conditions
of plains, coastal regions, and mountainous areas. Human habitation predominantly occurs
in plains, hills, and certain mountainous landforms, with the development and utilization
of UUS primarily taking place in these areas, particularly in plains. The influence of
terrain on UUS planning and design is direct [75], as terrain relief and slope significantly
affect both the appearance and suitability of UUS for various human activities. Through
geological surveys and associated methodologies, along with remote sensing interpretation,
the geological conditions of geological bodies can be effectively assessed.

The flat landform is characterized by its rich UUS resources, which consist of thick lay-
ers of sediment. In low-lying areas or flat terrain, rainwater does not drain easily, leading to
waterlogging, which poses a threat to the development and utilization of UUS. In contrast,
hilly areas require careful consideration of topographical impacts. Constructing infrastruc-
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ture in rolling terrains can be prohibitively expensive due to the complex engineering and
geological challenges involved. In mountainous regions with a single bedrock, the devel-
opment of UUS is often difficult and lacks strong demand, except for specific purposes,
such as national defense. Additionally, the costs of development and construction timelines
are crucial factors that must be taken into account. When establishing parameters, slope,
aspect, and landform type should be utilized as primary evaluation attributes indicators.

3.1.2. Rock and Soil Structure and Geological Structure

The generalization of rock and soil structure and property parameters is typically
crucial for GSEUUS. A comprehensive description of the thickness, properties, and interre-
lationships among the various geotechnical layers is essential, with a particular focus on
the physical and mechanical properties of each layer. It is important to consider the impact
of structural features, such as faults and folds, on the development of UUS and to identify
potentially unstable areas. Geological drilling, in-situ testing, and laboratory testing can
aid in constructing rock and soil structures and in quantifying stratigraphic property pa-
rameters. Additionally, geophysical detection technology is commonly employed in UUS
exploration and in the detection of field geological resources [76,77].

(1) Quaternary geological structure;

UUS development is typically more active in shallow regions, particularly within the
Quaternary strata. Consequently, understanding the Quaternary geological structure is
essential for studying the geological origins of UUS layers and addressing origin-related
geological issues. It is imperative to analyze the types and causes of Quaternary sediments,
including alluvial, diluvial, and aeolian deposits, through drilling, geophysical prospecting,
and experimental test analysis, while also evaluating their impact on the stability of UUS.
Alluvial and lacustrine strata are relatively stable and suitable for large-scale development;
however, diluvial layers, are characterized by larger particles and poor sorting, present
challenges for the creation of UUS, with groundwater infiltration being a significant concern.
Conversely, marine and swamp-phase sedimentary strata typically contain soft soil, which
can be relatively corrosive [78,79]. Therefore, delineating Quaternary geological divisions
based on their structural characteristics is crucial for informed evaluation.

(2) Engineering geological structure;

Engineering geology is essential for GSEUUS. It involves analyzing the engineering
geological properties of each sub-layer within the geological layer group, including stratum
depth, thickness, and extension, as well as addressing engineering geological issues, such as
soft soil, sand soil liquefaction index, freeze-thaw properties, and expansion characteristics.
Additionally, the relationship between the distance to active fault zones and rock compres-
sive strength is crucial. For instance, bedrock typically demonstrates low weathering and
high natural compressive strength, rendering it stable and safe for development, even in the
face of challenging excavation conditions. The engineering properties of rock masses vary
significantly by lithology [80]. For instance, granite exhibits a high uniaxial compressive
strength (UCS) and low porosity (Figure 3a), making it ideal for deep underground facilities;
however, joint spacing must be evaluated to avoid block instability. Limestone, on the
other hand, is susceptible to dissolution, which necessitates geophysical surveys to detect
potential cavities (Figure 3b). Sandstone demonstrates a moderate UCS but may exhibit
high permeability, thereby requiring waterproofing measures (Figure 3c). It is important
to evaluate the bearing capacity of various rock and soil layers and consider appropriate
foundation treatment methods. The geotechnical properties, such as bearing capacity and
compressibility, can vary significantly across different locations within the same construc-
tion area. Therefore, identifying critical strata is paramount. Engineering geological survey
methods encompass engineering geological mapping, exploration, laboratory or field tests,
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and long-term observations. In conducting suitability evaluations, values can be assigned
based on engineering geological layer groups (2D) or evaluation units (3D), allowing for
the assessment of carrying capacity and unique engineering geomechanical characteristics.
During 3D modeling, both spatial and attribute structural parameters can be constructed.

Lagshan Mountain,
fidong Province, China

Granite Limestone
(high strength, low permeability) (risk of dissolution)

Zigui County, Hubei ‘
Province, China y

Sandstone Mudstone and shale
(medium strength, high permeability) (easily weathered)

Figure 3. Rock lithology and engineering properties of rock mass.

(3) Hydrogeological structure materials;

The development of UUS is significantly influenced by groundwater. The ground-
water pressure can affect both the stability of the structure and the strength of the sup-
porting framework [81]. Consequently, understanding the hydrogeological structure and
conditions is crucial in the development of UUS. The initial task in constructing a hydro-
geological structure is to develop a hydrogeological conceptual model that reshapes the
spatial distribution relationship between aquifers and aquicludes. Further characterization
of hydrogeological features—such as aquifer structure, groundwater level, hydraulic head
elevation, dynamic characteristics of groundwater levels, and runoff recharge and drainage
conditions—is essential for assessing the feasibility and safety of UUS development. The
groundwater level that is too close to the surface creates unfavorable conditions for un-
derground engineering [82]. Excavating UUS often results in groundwater leakage, which
can lead to land subsidence and damage to building foundations and structures. This
uneven settlement can cause further damage to buildings. Analyzing soil permeability
and water storage capacity, as well as predicting the impact of rainfall and other factors
on UUS, can effectively facilitate the monitoring of such incidents. A sustained rise in
groundwater levels can disrupt the force balance of these structures and their foundations,
potentially triggering or exacerbating secondary disasters and increasing construction costs.
Scientifically and reasonably determining the waterproof level of anti-floating is crucial
for the safety of UUS structures. During the evaluation, it is necessary to comprehensively
consider the hydrogeological structure and the existence conditions of aquifers, selecting
parameters, such as groundwater level, permeability coefficient, water storage capacity,
soil type, stratum thickness, and groundwater flow direction.
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3.1.3. Geological Structure

Geological structures primarily refer to faults, folds, etc. The stability of regional
structures is influenced by geological features, particularly the presence of active faults
within the area.

Faults refer to fractures and relative dislocations of strata resulting from applied forces.
They significantly influence the development of UUS [83] (Figure 4a—c). Active faults are
particularly hazardous and should be avoided during the planning stage. Fault zones
can diminish the bearing capacity of soil and compromise the stability of underground
structures. Excavating near these zones increases the complexity of construction due to
the inhomogeneity of the rock mass and the heightened risk of landslides. Additionally,
fault structures can alter the flow path and water levels of groundwater, thereby impacting
drainage and water resource management in underground environments. Fracture activ-
ities pose further threats to underground structures, potentially leading to deformation
or damage [84]. Consequently, it is essential to enhance seismic resistance design and
implement anti-slip measures, which may escalate long-term maintenance and monitoring
costs. When planning underground linear projects, such as pipelines or traffic tunnels,
it is crucial to avoid intersecting major fault zones, as fault structures can lead to local
stress concentrations that may damage these infrastructures. In evaluations, parameters,
such as fault type, fault density, fault activity, impact width, the mechanical properties
of the surrounding rock (including strength, toughness, and deformation characteristics),
permeability, and displacement, should be considered.

Folds can result in complex structures within the strata, impacting the stability of
UUS (Figure 4d). The configuration of these folds alters the flow paths and distribution
of groundwater, potentially leading to either the convergence or dispersion of ground-
water, which in turn affects the utilization and management of these vital resources. The
geotechnical properties within fold zones are often heterogeneous, thereby increasing the
complexity and risk associated with construction projects and necessitating more advanced
exploration and design strategies. Additionally, folds are frequently associated with the
concentration of mineral deposits, oil, gas, and other valuable resources [85]. Therefore,
when developing UUS, it is crucial to consider the protection and rational utilization of
these resources. Evaluation parameters may include the type and shape of folds, strati-
graphic dip angles, rock mechanical properties, stability of fold areas, degree of fracture
development (Figure 4e), and characteristics of groundwater flow.

Reverse faults Normal fault Strike-slip faults

d

Foldsin bedrock Joints and fissures in bedrock

Figure 4. Faults and folds in bedrock (Photographed by Y.B. Xia. in Zigui, Hubei Province, China,
in 2015).
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3.2. Geological Resources

The urban underground encompasses a diverse array of valuable resources, including
space, water, energy, and geological materials [82] (Figure 2). Conflicts may arise in the
development of various types of urban underground resources. Therefore, it is essential
to understand and scientifically evaluate the diversity of these resources, as well as to
implement comprehensive planning and management strategies for their development.

(1) Groundwater resources;

Groundwater resources, as a valuable asset, necessitate the implementation of appro-
priate protection measures during the planning of UUS [86]. While surface water serves as
the primary source of drinking water for some cities, it is essential to conduct thorough
investigations and ensure the protection of groundwater [87]. Surface water is inherently
fragile and groundwater can act as an emergency recharge source when it becomes con-
taminated or degraded [82]. Based on the findings from water quality assessments and
hydrogeological drilling, groundwater protection zones are delineated according to water
quality grades and abundance. In areas of significant water supply importance within the
city, which serve as urban emergency water supply sources, the development of UUS is
subject to restrictions.

(2) Underground space resources;

The author posits that not all UUS qualify as effective resources. The development of
UUS must preserve the geological structure and its functions to a certain extent, while also
protecting the scale and quality of the overlying geological resources. Only under these
conditions can we consider the developed resources as effective USR. Prior to development,
it is essential to determine whether the primary layer for UUS development will be situated
within an aquifer, aquifuge, or across multiple geological layers. Based on the characteristics
of the aquifers, suitable “skylights” should be selected as channels for UUS development. It
is inadvisable to excavate aquifers directly or to construct extensive underground structures
that span multiple aquifers. Such actions would inevitably transform the area housing
the underground structures into a pathline for groundwater flow, leading to issues, like
soil erosion and groundwater mixing. This would compromise the quality of high-quality
groundwater and elevate the risk of pollutant infiltration. Furthermore, development
should not excessively occupy aquifer space, disrupt the groundwater flow field, create
localized groundwater mounds, increase the buoyancy of nearby underground structures,
or heighten the risk of secondary disasters [88]. Therefore, it is crucial to strategically
arrange the thickness of UUS development and utilization with the aim of protecting
the aquifer during evaluations, using the developable thickness and range as key factors
in GSEUUS.

(3) Natural building materials;

The natural building materials discussed in this article pertain to geotechnical mate-
rials, such as sand, gravel, and granite. Historically, these materials have been essential
for human settlements, from ancient adobe structures to Roman concrete (volcanic ash-
based) [89]. In modern UUS development, natural materials serve dual roles. Crushed
rock and sand form the backbone of concrete and backfill materials. Low-permeability
clays are used for landfill liners and waterproofing layers. On the one hand, there is a
significant demand for construction materials; on the other hand, much of the excavated
geotechnical materials are wasted, contributing to a substantial environmental burden in
many cities [82]. Current advancements concentrate on optimizing material performance
and sustainability. While natural building materials can serve as a secondary factor limiting
the development of UUS, they can also be advantageous if produced during the develop-
ment process. Bio-mineralization techniques enhance the strength of sand-based materials.
Tunnel-excavated soils can be reused as backfill, thereby reducing waste. Geospatial tools
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effectively identify optimal extraction zones while minimizing ecological impact [24]. The
range, variety, and quality of natural building materials can be assessed through drilling,
geophysical prospecting, and experimental testing.

(4) Geothermal resources;

Geothermal resources encompass hydrothermal geothermal resources [90], dry hot
rock geothermal resources, and shallow geothermal energy resources. According to the
current development model, the exploitation of geothermal resources predominantly occu-
pies vertical linear space and deep volume space. This spatial occupation does not need
to be considered when GSE of large areas. However, in the detailed planning of smaller
areas, it is essential to reserve UUS for geothermal development and to avoid conflicts with
other underground projects during the planning phase. Consequently, GSE for existing
projects should regard this as an absolute limiting factor. Areas with favorable prospects
for geothermal resource development should be prioritized for UUS utilization. Since
underground structures also require heat exchange, regions with abundant geothermal
resources are more conducive to the large-scale development of UUS. Geothermal resources
can be assessed for their resource endowment conditions through methods, such as drilling,
geophysical prospecting, and in situ testing.

(5) Geological heritage resources;

Geological heritage resources encompass fundamental geological features, landforms,
geological hazards, and other related elements, all of which serve as essential limiting
factors in GSE. The primary method for obtaining data is through geological surveys.

3.3. Geological Environments

The geological environment pertains to the quality of soil and groundwater relevant
to the development of UUS (Figure 2).

(1) Quality of groundwater;

The quality of groundwater refers to the extent to which it has been affected by
human-induced pollution. When groundwater becomes contaminated, it can significantly
impact the development of UUS. Sources of contamination include leachate from landfills,
gasoline leaks from gas stations, and pollutant discharges from biochemical product plants,
among other incidents. Such contamination adversely affects both groundwater and soil
quality [91,92]. Moreover, it poses exposure risks to construction personnel involved in UUS
development projects, as well as risks to the integrity of underground structures and their
users after completion. Consequently, remediation is necessary prior to the development
and utilization of UUS. Assessing groundwater quality necessitates an investigation into
pollution sources, with the extent of the pollution plume delineated based on groundwater
sample test results [93]. In GSEUUS, it is essential to assess human health risks associated
with various pollutants, and groundwater quality should be considered a critical limiting
factor [94].

(2) Soil quality;

Soil quality is closely linked to pollution, encompassing both heavy metal and organic
pollution [95]. A geochemical survey of land quality is essential for determining soil quality
grades and identifying the distribution of contaminated areas, followed by comprehensive
soil quality assessments of these sites. Soil remediation can be implemented either in situ
or ex situ. It is advisable to protect or excavate high-quality selenium-rich soil for potential
reuse. In GSEUUS, it is important to assess soil quality and pollutant concentrations based
on the types of pollutants present, with soil quality being considered a limiting factor.
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3.4. Geological Disasters

There are various types of geological hazards; however, the selection of geological
hazards for evaluation should be based on the specific characteristics of the study area
(Figure 2).

(1) Corrosion of groundwater;

Groundwater in runoff discharge areas is highly corrosive, making it unsuitable
for the development of UUS. This corrosive groundwater typically forms in limestone
regions, mountainous and hilly terrains, humid climates, and areas associated with sulfur-
containing mining activities. Additionally, groundwater in regions with saline soil also
exhibits high corrosivity. Such groundwater can significantly corrode construction materi-
als, including concrete and steel reinforcements in underground structures. To assess the
corrosion potential of groundwater, sample collection and testing should be conducted.
Qualitative evaluations can be performed based on the rating standards outlined in the
“Engineering Geology Handbook” [96].

(2) Land subsidence;

Land subsidence refers to the vertical lowering of the ground or soil surface due to
various factors, including groundwater extraction, soil compaction, and geological struc-
tural changes. This phenomenon alters the stress on buildings and underground structures,
potentially leading to instability and structural damage. Geological exploration, benchmark
fixed on different stratum, leveling, INSAR, and other methods can be employed to deter-
mine the cumulative settlement amount and settlement rate. Subsequently, classification
and risk assessment can be conducted in accordance with relevant specifications [97].

(3) Seismic saturated sand;

Earthquake-saturated sand refers to a condition in which saturated sand loses its
bearing capacity due to liquefaction triggered by an earthquake. During an earthquake, the
water pressure within the soil increases sharply, weakening the contact between soil parti-
cles and causing the sand to display liquid-like characteristics under dynamic loading. This
phenomenon adversely affects the stability of buildings, foundations, and underground
structures. The liquefaction potential can be assessed through geological exploration, stan-
dard penetration tests (SPT), static cone penetration tests (CPT), and other methodologies.

(4) Soft soil;

Various types of soil, including soft soil and expanded clay, are susceptible to defor-
mation, which complicates the maintenance of stability in underground structures. Soft
soils [70] typically form in lacustrine and marine environments. To assess the grade of soft
soil, it is necessary to collect samples and calculate the sensitivity of these soil samples.

(5) Saline soil;

Saline soils typically develop in arid and semi-arid regions, particularly in inland
areas or low-lying zones adjacent to the ocean. These saline soils often corrode concrete,
steel reinforcement bars, and other materials used in underground structures. To assess
the corrosion potential of saline soil, sample collection and testing should be conducted.
Evaluations can be performed using qualitative calculations based on the rating standards
outlined in the “Engineering Geology Handbook” [96].

(6) Cave, solitary stone, freeze—thaw;

Karst caves, boulders, and freeze-thaw processes are all geological hazards charac-
terized by significant regional variations. Karst caves predominantly form in the Custer
landform area, while boulders develop in diluvial regions surrounding bedrock mountains.
Additionally, freeze-thaw phenomena are primarily observed in high-latitude areas. This
article will not address investigation and evaluation methods.
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3.5. Underground Structures

Underground structures are primarily categorized into modern and ancient structures
(Figure 2). Various protection requirements may restrict the development of UUS or
complicate their implementation [82]. Three-dimensional information of modern structures
must be acquired by collecting municipal data and integrating it with geophysical detection
efforts, whereas the buried information of ancient structures is obtained solely through
geophysical detection.

(1) The modern structures

Modern structures can be classified into several categories based on their functional
uses: underground transportation facilities, municipal facilities, commercial and public
spaces, and protective projects [19]. For instance, when classified by burial depth [98],
structures can be divided into shallow underground structures (burial depth < 15 m),
which primarily include underground parking lots, comprehensive pipeline corridors,
and commercial streets; middle underground structures (burial depth 15-50 m), which
mainly encompass subways, tunnels, and underground water storage reservoirs; and
deep structures (burial depth > 50 m), which include deep buried laboratories and high-
level nuclear waste disposal facilities. Generally, the deeper the underground structure,
the greater the requirements for the development and utilization of UUS, which in turn
influences the intended purpose of that space.

For shallow underground structures, classification by burial depth typically involves
methods, such as open excavation [99], cover excavation [100], and shield construction.
When evaluating the geological suitability of large regions, it is essential to assess the
feasibility of underground open space development and reuse in built-up areas, taking into
account the degree and scale of development alongside planning requirements [25,101].
Additionally, existing engineering and environmental geological issues must be considered,
along with potential secondary hazards, such as uneven formations, backfill stability, lo-
cal ground settlement, and impacts on underground pipelines and other structures [102].
Medium-level underground structures, such as subway tunnels constructed using the
shield method and underground reservoirs, are often viewed as limiting factors for devel-
opment [103]. Furthermore, local considerations may include the avoidance of geothermal
wells, pump stations, and other vertical shaft projects. In the long term, deep underground
structures should be regarded as absolute restrictions, given the unique characteristics
of their functions and the potential for development and utilization of UUS to cause ir-
reversible changes in regional geological conditions, such as soft soil consolidation and
rock breakage.

The diversity of underground infrastructure imposes differentiated demands on ge-
ological conditions. For instance, metro tunnels must avoid water-rich sand layers to
prevent water inrush during construction, while underground oil storage facilities depend
on low-permeability shale layers to effectively seal oil and gas [31]. In soft soil regions,
such as Shanghai, metro construction requires the use of the freezing method to reinforce
the ground; conversely, in bedrock regions, like Hong Kong, the wear rate of tunnel-boring
machine (TBM) cutters is directly related to rock hardness. Therefore, geological suitability
assessments must customize indicator weights based on facility types—for example, as-
signing a higher weight to the 'rock mass integrity coefficient” for energy facilities, while
placing greater emphasis on the “soil corrosion grade’ for municipal facilities.

(2) The ancient structures

Ancient structures can be repurposed for cultural displays, tourism, and other func-
tions, thereby enhancing the utility of UUS. Conversely, these structures complicate the
development and utilization of underground areas due to challenges, such as foundation
treatment, increased costs, and restricted development potential. In practice, it is essen-
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tial to thoroughly assess the preservation requirements of historical relics alongside the
objectives of modern UUS development. This should be achieved through comprehensive
archaeological and geological surveys, ultimately seeking a balance between the two.

4. Evaluation Method

In GSEUUS, the weighting of indices plays a critical role in ensuring the scientific rigor
of the results. The determination of these index weights is essential for the rationality of
the evaluation outcomes.

4.1. Weight Calculation Method
4.1.1. Expert Scoring Method (ESM)/Delphi

The expert scoring method and the Delphi method [104] are fundamentally similar
evaluation techniques; however, they differ in their implementation details and focus.
Both methods prioritize the collection of expert opinions anonymously to mitigate mutual
influence among experts and enhance the objectivity of the assessment. Expert scoring
methods typically concentrate on the direct scoring of specific items, while the Delphi
Principle adopts a more systematic method to predictive inquiry [105].

Both methods are inherently subjective, relying on the personal judgment of experts.
The information collection process for both methods often entails a longer evaluation
cycle, as it requires gathering insights from multiple experts and conducting a thorough
assessment. The absence of direct communication and discussion among experts may lead
to the omission of significant information and perspectives, potentially compromising the
accuracy and comprehensiveness of the forecast results. Consequently, these methods are
often employed in conjunction with other techniques to minimize the impact of human
error on the outcomes [7,106] (Figures 5 and 6b).

4.1.2. Analytic Hierarchy Process AHP

The AHP [107] serves as a method for quantitative analysis aimed at tackling intricate
decision-making challenges. The AHP breaks the issue down into several tiers by creating
a decision-making framework and determining the weight of each evaluation criterion
via mathematical techniques. When confronted with uncertainty and ambiguity, AHP
adeptly merges expert subjective evaluations with quantitative analysis, ultimately helping
decision-makers make more informed selections. The method considers the influence
of various elements on the evaluation outcomes, presenting notable benefits for dealing
with such issues [108]. The fundamental concept of AHP can be encapsulated by the
phrase “first decompose, then synthesize.” Employing AHP in decision-making comprises
several essential stages: (1) Developing a hierarchical framework; (2) Creating a decision
table for program factors; (3) Standardizing to create a judgment matrix; (4) Conducting
a consistency check on the judgment matrix; (5) Determining the weights derived from
the judgment matrix; (6) Computing and ranking the overall weights. The AHP technique
is widely utilized in various multi-factor suitability evaluations and complex system risk
assessments within engineering project risk management [109,110].
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Figure 5. Entity relationship diagram of main weight evaluation methods.

The AHP presents various benefits that improve the transparency of decision-making
by breaking down complex issues into different hierarchical levels, thus clarifying all rele-
vant facets of the problem. It merges quantitative assessments with qualitative evaluations,
permitting a thorough examination of diverse factors and rendering it appropriate for an
extensive array of decision-making situations. AHP also offers a framework for evaluating
the consistency of judgments, which aids in ensuring the rationality and precision of the
decision-making process. Moreover, it accommodates multiple criteria and alternatives,
making it relevant to various intricate decision-making scenarios. Thanks to its organized
method, AHP is straightforward to explain and share, promoting teamwork and collab-
orative decision-making. Nonetheless, it is crucial to recognize that AHP is dependent
on the subjective evaluations of the decision-maker, which could introduce bias and in-
consistency, especially within the judgment matrix [111]. For issues with more complex
hierarchies, the computation process may become laborious, particularly when a large
number of comparisons is necessary. Although AHP features a mechanism for checking
consistency, achieving consistent judgments remains challenging in real-world applications,
especially when faced with a substantial number of assessments. Furthermore, the scales
utilized in AHP might affect the precision of the outcomes, particularly if decision-makers
have differing interpretations of these scales. In certain cases, decision-makers may find it
difficult to accurately assign weights, resulting in less dependable final results (Figure 5).
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Figure 6. Application of main weight evaluation methods: (a) [11]; (b) [30]; (c) [7]; (d) [75]; (e) [52];
(f) [74].

The AHP is the most widely utilized method for GSEUUS. It can be employed in-
dependently to determine indicator weights [112,113] and can effectively be combined
with other methodologies. This integration aims to diminish the influence of subjective
judgment on evaluations and enhance their accuracy. For instance, Peng and Peng [114]
combined AHP with the most unfavorable grading method (MUGM) and the exclusive
method (EM) technologies to perform a comprehensive quality assessment of urban con-
struction suitability and resources in Tongren and Changzhou cities in China. Similarly,
Hou et al. [11] evaluated the overall quality of UUS in Foshan, China, employing AHP
alongside variable fuzzy set theory, and a 3D geological model (Figure 6a-c and Table 1).

4.1.3. Analytic Network Process (ANP)

The ANP methodology is based on Saaty’s [115] decision-making framework tailored
for dependent hierarchies. Compared to AHP, the hierarchical configuration of ANP is
significantly more intricate. ANP features a complex hierarchy that includes loops and
feedback mechanisms among the structures, as well as interrelatedness and dominance
among components within the same hierarchy. When it comes to assessing factors related to
geological suitability in UUS, the ANP method proves to be more effective for determining
the relative significance of each evaluation criterion, given that its weighting mechanism is
superior to that of the AHP method [52]. The essential calculations involved in the ANP
procedure consist of: (1) creating the network structure model for the evaluation criteria;
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(2) developing the unweighted supermatrix; (3) computing the weighted supermatrix; and
(4) obtaining the limit supermatrix to derive the final weights.

The ANP effectively handles interdependence and feedback relationships, making it
highly suitable for intricate decision-making contexts. Its flexibility permits application
to a wide range of decision-making challenges, with the model structure being adjustable,
as required. Employing a network framework and pairwise comparisons enhances the
intuitiveness of the decision-making methodology. Nonetheless, gathering data for the
ANP presents difficulties, requiring the participation of several experts for pairwise com-
parisons, which can be both labor-intensive and challenging. Furthermore, the ANP faces
challenges regarding consistency; pairwise comparisons may show inconsistencies and
demand thorough testing, thereby raising the overall complexity. In larger networks, the
intricacy of calculations and analyses can increase substantially, often requiring professional
software assistance [116] (Figure 5).

In order to enhance the advantages of the ANP and mitigate its limitations, this
technique is commonly used in conjunction with various other methods. However, there
are relatively few examples of its application. In evaluating the geological appropriateness
of subterranean urban areas in Hangzhou [52], the ANP was applied to establish the
subjective weight of each assessment indicator. The objective weights were determined by
criteria importance through intercriteria correlation (CRITIC), while the combined weights
were obtained through game theory (Nash equilibrium model) (Figure 6e and Table 1)

4.1.4. Order Relationship Analysis Method (G; Method)

The G; method is a subjective weighting technique based on AHP. This method aids
decision-makers when assessing an object characterized by various indicators, helping them
ascertain the importance of each. It draws on the subjective assessments of decision-makers
to form order relationships and relative importance ratios, making it especially fitting for
situations that demand considerable involvement from decision-makers. In contrast to
the AHP, the G; method does not require consistency testing, making it more suitable for
scenarios where strict consistency is not critical [117]. The G; method allocates weights to
various indicators according to the ordinal relationships set by decision-makers. A specific
set of evaluation criteria or indicators is determined based on the evaluation objective
and the subject being evaluated. The decision-maker subsequently assesses these criteria,
ranking them from most to least significant, thereby establishing an ordered relationship
as per their judgment. Furthermore, the decision-maker is required to present a ratio
that signifies the relative importance between two adjacent criteria, typically expressed
as a numerical value, r. This value conveys the significance of the former criterion in
comparison to the latter. By utilizing the established order relationship along with the
ratios of relative importance, a particular calculation formula—such as the eigenvector
method, the inverse consistency index method, or a formula specifically tailored for the Gy
method—is applied to determine the weight of each criterion.

The steps involved in the G; method are straightforward and simple to comprehend
and apply. When compared to the AHP method, the G; method offers a less complicated
calculation process, as it does not require the creation of an intricate judgment matrix or the
execution of consistency tests. This method effectively reflects the subjective evaluations of
the decision-maker, which makes it ideal for situations where the decision-maker’s views
are crucial. Nevertheless, the G; method’s dependence on the subjective judgment of the
decision-maker can result in outputs that are excessively shaped by individual experiences,
preferences, and other influences. Unlike objective weighting methods, such as the EWM,
the G; method does not provide strong data backing and may fail to accurately convey the
true significance of each indicator [111] (Figure 5).



Appl. Sci. 2025, 15, 4326

19 of 42

In real-world applications, the G; method can be combined with various techniques,
including the entropy weight method (EWM) and fuzzy comprehensive evaluation (FCE),
to improve the precision and dependability of assessments. The G; method, in conjunction
with the EWM, is used to identify both subjective and objective weights for indicators
associated with engineering geology and hydrogeological conditions in Foshan [74]. Fol-
lowing this, the principle of minimum discriminant information is applied to establish their
aggregated weights. This strategy not only integrates expert assessments regarding the
importance of the evaluation indicators but also takes into account the intrinsic properties
of the data (Figure 6f and Table 1).

4.1.5. Entropy Weight Method (EWM)

The EWM serves as a multi-criteria decision-making technique that is mainly utilized
to tackle the challenges associated with multi-index evaluations. This method harnesses
information from data entropy, which encompasses the quantity of available information,
to facilitate weight computations. It proves to be particularly useful in contexts marked
by fluctuations in data, viewing these changes as a type of information. By establishing
the entropy value for each metric, the EWM effectively quantifies and integrates the
information related to each unit under assessment, thereby providing a relatively impartial
weight for each metric. The EWM evaluates the importance of a collection of information
through the lens of entropy, reflecting the extent of variability present within information
collection [118]. A lower value of information entropy is associated with a greater level of
dispersion, leading to an elevated weight for the index during the overall evaluation [119].
The process of the entropy weight method starts with the standardization of the initial
data to remove the influence of varying dimensions across different indicators. Following
this, the method computes the relative contribution of each indicator in relation to all
evaluation subjects. The entropy value for each indicator is obtained from these relative
contributions; indicators with lower entropy values signify a higher degree of uncertainty,
thereby enhancing their influence (or weight) on the overall evaluation. Next, the variation
index for each indicator is calculated based on the entropy value, which is essential for
determining each indicator’s weight. In the final step, weighted calculations are executed
to derive the overall evaluation indicator [120,121].

The EWM serves as an unbiased technique that assigns weights according to the extent
of data variability [122], thereby effectively removing subjective influence. Nonetheless,
this method might neglect the importance of specific indicators, which could lead to a
higher weight being assigned to less critical ones. Furthermore, the EWM mainly repre-
sents weights based on the information from evaluation factors, failing to consider the
relationships among these evaluation factors [4] (Figure 5).

In practical applications, the EWM is a very commonly used objective weight eval-
uation method. Hou et al. [11] utilized the EWM to determine the weight coefficients
of different factors in particular soil conditions, and then applied the variable fuzzy set
method to GSEUUS. Similarly, Liu et al. [75] used the EWM to determine the weights of
indicators, which helps reduce the bias commonly linked with weighting processes in
Nanjing. The combination of the EWM with other methodologies, such as the AHP and
the G; method, provides a holistic consideration of both subjective and objective elements,
thereby improving the precision and scientific robustness of the weight evaluations [36,123]
(Figure 6a,c,d,f and Table 1).

4.1.6. Criteria Importance Through Intercriteria Correlation (CRITIC)

The CRITIC method, introduced by Choo et al. [124], serves as an impartial technique
for assessing the relative importance of various indicators within a multi-index evaluation
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framework. This method allocates objective weights to factors depending on their interrela-
tions and the degree of information they provide, which in turn highlights the relevance
of decision-making criteria. Within a multi-index evaluation framework, the impact of
each index on the overall evaluation outcomes differs, making it essential to ascertain the
weight assigned to each index. The CRITIC method effectively determines these weights
by thoroughly analyzing both the strength of contrasts and conflicts present among the
indicators, thereby enhancing the reliability of the evaluation outcomes. To begin with,
the CRITIC method mandates the standardization of data to enable comparisons on a
common scale. Following this, it computes the standard deviation for each indicator to
evaluate contrast strength and establishes the correlation coefficients between indicators
to indicate conflict. The method subsequently combines the intensity of contrast with the
information capacity concerning conflicts to comprehensively derive the weight for each
indicator. Ultimately, the overall score for every evaluation entity is calculated using these
weights along with the standardized data.

The CRITIC method provides the benefit of thoroughly evaluating the strength of con-
trasts among assessment indicators as well as identifying potential conflicts between them.
This facilitates an objective and precise assignment of weights to each indicator, reducing
the subjectivity and unpredictability linked to subjective weighting. On the other hand, one
significant drawback of this method is its comparatively intricate calculation process, which
requires considerable amounts of data and computational power. Furthermore, the method
has strict criteria for choosing indicators and processing data; any mismanagement of these
factors could negatively influence the accuracy of the evaluation outcomes (Figure 5).

In response to the growing demands of big data and the necessity for detailed plan-
ning, the application examples of CRITIC have begun to increase. A combination of the
CRITIC method with AHP, the EWM, and genetic algorithms (GA) was employed to objec-
tively evaluate the relative strength of the assessment indicators and their interrelations
in Wuhan [7]. This methodology facilitated the calculation of the weight assigned to each
indicator. By normalizing every evaluation metric, determining the standard deviation and
correlation coefficient for each, and assessing the capacity of information conveyed, the
weights alongside the standardized data were derived, leading to a quantitative GSEUUS
(Figure 6¢,e and Table 1).

4.2. Comprehensive Evaluation and Decision Analysis
4.2.1. Multi-Objective Linear Weighting (MOLW)

MOLW serves as a technique for evaluation functions that allocates weight coefficients
to each objective according to its relative importance, ultimately enhancing their linear
combination to tackle multi-objective programming dilemmas. This strategy merges several
objective functions into one single function through linear weighting, thus redefining the
issue as a standard linear programming challenge. The MOLW is mainly utilized to confront
multi-objective decision-making issues, especially in situations involving both linear and
non-linear constraints aimed at fulfilling various optimal objective functions and decision
variables [125]. It is particularly advantageous in cases where objectives resist expression
in a common dimension and where it is challenging to set a uniform metric for assessing
the quality of a plan. First, the various objective functions that need optimization are
identified, followed by assigning weight coefficients based on the significance of each
objective. Subsequently, each objective function is multiplied by its respective weight
coefficient and aggregated to form the evaluation function. As a result, the multi-objective
programming dilemma is converted into a numerical optimization task concerning the
evaluation function, and suitable optimization algorithms are utilized to solve and interpret
the results in order to uncover the ideal solution.
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The MOLW offers several key benefits, including its straightforward nature and clarity,
ease of execution, and the capability to integrate all original data index variables, thus
facilitating a thorough assessment. This technique converts various objective functions
into a unified objective function via linear combination, enabling the use of established
algorithms tailored for single-objective optimization challenges. Nonetheless, the multi-
objective linear weighting method has its drawbacks. One major issue is that weight
determination frequently depends on subjective assessments, which can introduce personal
bias and undermine objectivity. Additionally, the linear weighting strategy might fail to
adequately represent the considerable impact of specific evaluation metrics, especially
when an evaluated entity performs exceptionally well in one metric but poorly in others.
This shortcoming could hinder a comprehensive portrayal of the variations involved,
ultimately influencing the precision of the evaluation outcomes. Moreover, the choice of
weights is heavily reliant on the particular context of application, and the distribution of
weights across different objective functions can result in inaccuracies within the reward
function in certain cases (Figure 7).

An evaluation index system was developed by researchers to examine the challenges
associated with the development of shallow USR from various viewpoints, including
geological and groundwater factors in Nantong City [106]. They used a MOLW to arrive
at a comprehensive evaluation result. Similarly, the MOLW was applied in the ecological
new city in Gui’an New Area [126]. A hierarchical evaluation system specific to sub-
regions for UUS utilization was created, which assigned variable weights to elements,
such as geological factors, groundwater vulnerability, and the current state of surface
space utilization, ensuring an accurate representation of their importance. The adoption
of the MOLW method in GSEUUS has shown significant effectiveness and practicality.
Nevertheless, it is essential to carefully monitor the process of weight determination
during implementation to maintain the objectivity and precision of the evaluation findings
(Figure 8b and Table 1).

[ Comprehensive eva

l decision analysis

Y

and ]
| Comprehensive evaluation I Decision analysis I Both

TESFECE i TOPSIS, BNM i MOLW, GRA, CM
| FCE | I TOPTSIS l MOLW |
& Used todeal with ambiguous &  Used for multi-objective decision . Used to solve multi-objective
< evaluation problems.(Digital model) < analysis. (Not a numerical model) € decision-making
= — | =< problems. (numerical model)
-The determination of indicator . -More sensitive to the weight of E . |
3 weights is highly subjective. § evaluation indicators. -The weights need to be determined 5o
% Correlation among evaluation % _Unable to evaluate potential trends _ Subjectively. o
S factors cannot be resolved. 2 inthe data. 3 -t cannot reflect the significant
_The calculation is complex. % impact of specific evaluation
S indicators.
- -The selection is very dependent on
BNM I the specific application scenario.
Used to handle complex
s probabilistic relationships and
§ perform uncertainty reasoning.(Not a I GRA
| tumericl model) L s Used to analyze the correlation
-Model construction relies on >0~ e
RS between data.(digital I >0
historical data and expert Je= 2 (diohai oo f
3 knowledge. 3 tis affected by subjective factors.
¥ trelies on the integrity and % trequires high preprocessing of
3 certainty of the data. 4 data sequences.

-The model complexity is high and
the amount of calculation is large.

o™

Used to deal with uncertainty,

ambiguity and randomness. (Not a
numerical model)

It relies on data completeness and >0~

Adv.

-Specific implementation and
parameter settings rely on
professional knowledge and
experience.

Disadv.

Figure 7. Entity relationship diagram of main comprehensive evaluation and decision
analysis methods.



Appl. Sci. 2025, 15, 4326

22 of 42

4.2.2. Grey Relational Analysis (GRA)

The GRA serves as a quantitative method for analyzing and comparing the develop-
mental dynamics and changes within a system. It evaluates the degree of similarity between
a continuous sequence and a reference sequence to establish the connection between the
reference data sequence and several comparative data sets. The similarity in the shape of
these sets is leveraged to assess how closely they are related, which reflects the correlation
level between the curves and facilitates the establishment of spatial variable weights. A
sequence that closely matches the reference data indicates a higher affiliation with that
particular level, leading to an increased correlation coefficient [127]. In the framework of
GSEUUS, the GRA method proves particularly effective in determining correlation coeffi-
cients among a variety of indicators. By multiplying the correlation coefficients obtained
from different indicators with the predefined spatial variable weights, the criterion for
maximum correlation can be utilized to evaluate the suitability of each unit within the
3D geological model [111]. The GRA evaluation process involves several steps: initially,
recognizing the parent sequence that represents the behavioral characteristics of the sys-
tem alongside the sub-sequences comprising factors that impact this behavior; thereafter,
performing data preprocessing to lessen the influences of varying dimensions and data
scales; following this, calculating the correlation coefficient by identifying the minimum
and maximum differences at two levels and incorporating these figures into the correlation
coefficient equation; next, deriving the correlation degree, which is the average of the
correlation coefficients, to indicate the relationship between every sub-sequence and the
parent sequence; finally, organizing or thoroughly evaluating based on the correlation
degree to determine each factor’s impact on the target factor.
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Figure 8. Application of main comprehensive evaluation and decision analysis: (a) [70]; (b) [106];
(c) [128]; (d) [51]; (e) [129]; (£) [67].



Appl. Sci. 2025, 15, 4326

23 of 42

GRA serves as a method for data evaluation that proficiently handles systems marked
by a lack of complete information. The main benefit of this approach is its capability to
navigate issues related to limited data sizes and considerable uncertainty. By computing
correlations among sequences, this method uncovers the dynamic interrelations between
variables, making it especially appropriate for situations with small sample sizes and
insufficient information systems. Nonetheless, the correlation computation can be affected
by subjective elements, including the choice of resolution coefficients, and necessitates
comprehensive preprocessing of data sequences. Different preprocessing techniques may
result in significant variations in the outcomes [48] (Figure 7).

In Nanjing, researchers employed the GRA along with the EWM and an interval
continuous mathematical model to determine evaluation indicators and compute their
corresponding weights [130]. Furthermore, the GRA can improve the technique for order
preference by similarity to ideal solution (TOPSIS). The revised TOPSIS model maintains
the advantages of enhanced objectivity while utilizing gray correlation theory, especially in
situations where information is scarce [52]. In Foshan, the enhanced GRA was utilized to
transform the reference sequence into a reference interval and to redefine the correlation
coefficient function, thereby facilitating a more accurate evaluation of each assessment
unit’s suitability [74]. This implementation not only increases the evaluation accuracy but
also makes GRA more effective and practical for GSEUUS. (Figure 8d and Table 1)

4.2.3. Technique for Order Preference by Similarity to Ideal Solution (TOPSIS)

The TOPSIS model serves as a method for decision-making that depends on a limited
set of evaluations to determine how well an object corresponds with a specified objec-
tive [131]. The core principle behind this approach lies in ranking evaluation objects
according to their proximity to both positive and negative ideal outcomes. As a technique
for multi-objective decision analysis, it is widely utilized in GSEUUS. By establishing both
ideal and anti-ideal solutions, the TOPSIS method enables a structured assessment of UUS
development amidst varying geological contexts, thus laying a scientific foundation for
urban planning and construction activities. The evaluation procedure starts with the nor-
malization of the initial data matrix, considering both positive and negative ideal scenarios.
Next, the distances that each evaluation item has from these ideal solutions, both positive
and negative, are computed to assess their proximity to the ideal solution. Ultimately, the
strengths and weaknesses are prioritized according to their level of proximity [132].

The TOPSIS model’s benefit is found in its capacity to efficiently handle multi-criteria
decision-making challenges by assessing each option according to its proximity to the ideal
positive and negative solutions. It is user-friendly, simple to grasp, and uncomplicated to
calculate. On the other hand, a significant drawback is its susceptibility to the importance
assigned to evaluation criteria; the reasonableness of weight allocation directly affects the
results of the decision-making process. Conventional TOPSIS uses Euclidean distance as
its measurement standard, which might not fully reflect the underlying trends within the
evaluation data, consequently influencing the accuracy of the assessment (Figure 7).

The TOPSIS method was utilized for evaluating the multi-layered UUS of Wuhan [70].
This evaluation involved the creation of a foundational layer assessment index system and
a multi-layer transfer coefficient matrix, alongside the fuzzy analytic hierarchy process
(FAHP) method to determine the significance of the evaluation indicators. A quantitative
analysis of the UUS in the Wuchang Railway Station vicinity was then performed. In
another analysis regarding the geological appropriateness of UUS in Hangzhou [133], the
author applied an enhanced TOPSIS model, which was supplemented by gray correlation
analysis, to identify implicit change patterns in the indicators and support the examination
of data distribution under diverse informational contexts. This strategy effectively mitigates
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the disadvantages of Euclidean distance and addresses the inherent limitations found
within the TOPSIS model itself (Figure 8a and Table 1).

4.2.4. Fuzzy Comprehensive Evaluation (FCE)

The FCE method is based on fuzzy mathematics and utilizes the concept of fuzzy rela-
tionship synthesis to measure factors that lack clear boundaries and are difficult to quantify.
This method quantifies fuzzy indicators that pertain to the entities under evaluation (i.e.,
it assesses the degree of membership) by creating hierarchical fuzzy subsets, followed by
applying the fuzzy transformation principle to consolidate each indicator. It proves highly
applicable in tackling non-deterministic challenges and improves the efficiency of address-
ing non-quantitative matters. By converting these hard-to-quantify elements into numerical
evaluations, the FCE method allows for a more logical appraisal of GSEUUS. The procedure
commences with identifying the evaluation objects and factors, defining evaluation levels,
and forming a fuzzy relationship matrix through single-factor assessments. Afterward, the
weights for each factor are established, and a synthesis operation is executed on the weight
vector alongside the fuzzy relationship matrix to produce a comprehensive evaluation
outcome, which is subsequently analyzed and interpreted based on the results obtained.

The FCE method presents various benefits, such as the capacity to handle fuzzy evalu-
ation elements, deliver comprehensive evaluation data, and exhibit significant applicability
to both subjective and objective variables. Nevertheless, it is accompanied by certain draw-
backs, including intricate calculations and a somewhat subjective approach to defining the
index weight vector. Furthermore, despite its robustness, the method faces challenges in
handling the correlation issue among evaluation elements. When the index set is extensive,
a super-fuzzy phenomenon may occur, which can ultimately affect the precision of the
evaluation outcomes (Figure 7).

Numerous studies have explored the use of the FCE method for the GSEUUS. A
3D evaluation of rock mass quality is accomplished by refining the FCE method, which
enhances the accuracy and reliability of the assessment [51]. Comparable approaches
have been utilized for the suitability evaluation of UUS development in Ningbo [134].
When evaluating UUS’s suitability for development and use, the integration of the cloud
model with the analytic hierarchy process effectively addresses the ambiguity and uncer-
tainty present in the evaluation process [135]. In assessing the appropriateness of UUS
development in Qingdao’s main urban area, an index system incorporating rock and soil
features, groundwater, and geological structure was established, producing scientifically
valid zoning outcomes via the fuzzy comprehensive evaluation method which provides a
crucial basis for effective UUS development and use [128]. Overall, these investigations
illustrate the efficacy and practical utility of the fuzzy comprehensive evaluation method in
the context of assessing UUS development and utilization (Figure 8c and Table 1).

4.2.5. Cloud Model (CM)

The CM is based on the concepts of probability and statistics, providing a framework
to tackle uncertainty and ambiguity by outlining the probability distribution of different
states. When it comes to determining weights, the CM effectively mimics the fuzzy eval-
uations of experts regarding assessment indicators, highlighting the importance of each
indicator through the computation of cloud parameters, like expectation, entropy, and
super-entropy, thus aiding in weight determination. This method integrates the subjective
insights and assessments of experts while also addressing the uncertainties and ambiguities
that are intrinsic to the evaluation process. Additionally, the CM acts as a mathematical
framework that captures complex systems marked by uncertainty and fuzziness. It converts
qualitative descriptions into quantitative measures through the creation of membership
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functions, cloud functions, and cloud generation algorithms, facilitating the modeling and
analysis of complicated systems. The CM is equipped with strong data processing and
analytic functions, proficiently managing various complex data structures and associations,
therefore laying a scientific groundwork for informed decision-making. Moreover, CM is
capable of processing and analyzing extensive datasets to derive meaningful information
and insights. In the field of supportive decision-making analysis, they provide a scientific
foundation for decision-makers by simulating the probabilities and risks linked to different
decision-making options.

The CM offers significant benefits in GSEUUS, primarily through its ability to incorpo-
rate randomness and fuzziness. This allows for a seamless transition between qualitative
linguistic values and quantitative measurements, thereby improving both the precision and
impartiality of the evaluation process. Particularly noteworthy is the model’s adeptness at
handling the intrinsic fuzziness and uncertainty linked to the GSEUUS. Nonetheless, the
CM has its drawbacks. Its efficacy can be affected by various factors, including data com-
pleteness and the accuracy of quantification and classification. Furthermore, the successful
implementation and parameterization of the CM demand a certain level of specialized
knowledge and expertise, which may influence the reliability and accuracy of the evaluation
results (Figure 7).

The CM is widely used for GSEUUS [7] and analyzing slope stability [136]. The
combination of the AHP with the CM significantly improves the process of determining
the weights and certainty degrees associated with evaluation metrics [67]. By applying a
limited interval in the CM, the randomness and fuzziness present in geological indicators
are effectively tackled, which enhances the evaluations’ accuracy and objectivity [135].
Additionally, the genetic algorithm-based weighting method considers both subjective
and objective weights, leading to evaluation results that are more rational and in better
accordance with actual conditions [7] (Figure 8f and Table 1).

4.2.6. Bayesian Network Model (BNM)

The BNM serves as a statistical modeling instrument rooted in the principles of proba-
bility and graph theory. It consists of a directed acyclic graph coupled with a conditional
probability table, both of which illustrate the conditional relationships among random
variables in intricate systems. BNM is notably proficient in calculating posterior probabil-
ity distributions for unobserved variables, integrating both quantitative and qualitative
data into a conditional probability structure based on the observed variables (for instance,
variables may include Boolean (yes/no), qualitative assessments (low/medium/high),
or continuous measurements). This ability to represent different types of variables is an
essential characteristic of BNs, which motivates our use of this methodology to assess
system resilience [137]. In GSE, the BNM is utilized to anticipate possible alterations in
suitability with varied input parameters, thus offering a scientific basis for the judicious
development and use of underground environments. The BNM develops a structural
framework to illustrate the relationships among various variables. It sets up prior and
conditional probabilities grounded in geological survey data, subsequently using Bayesian
inference to calculate the posterior probabilities of suitability for each assessment area
across diverse categories. Upon completing the modeling process, it is essential to create
the conditional probability table for the nodes. The first approach, data-driven training, is
suitable for all measurable objective variables and necessitates training on comprehensive
datasets. In contrast, the second approach depends on expert survey, facilitating the amal-
gamation of multi-source data [138] and the determination of the weight of each factor at
every level through the AHP judgment matrix.
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The BNM present a range of benefits, such as robust data mining functionalities,
the combination of expert insights with data to navigate intricate relationships of un-
certainty, and an intuitive framework for probabilistic reasoning and decision-making
support [139-141]. Moreover, the BNM is capable of illustrating causal interactions be-
tween evaluation metrics and objectives [137,138]. Nevertheless, developing these models
requires considerable historical data as well as specialized knowledge. In addition, they
can be vulnerable to issues related to incomplete data and uncertainty, and the intricacies
and computational demands associated with them may present obstacles in real-world
applications [139] (Figure 7).

In GSEUUS within Changsha [129], Xu et al. meticulously formulated a system of
indices that encompasses factors, like formation type, groundwater level, and soil strength,
drawing on the relationships among these input variables. To support this analysis, a
Bayesian network framework was established. Through the application of this Bayesian
network model, the research provides a scientific basis for the prudent planning and
development of subterranean space in Changsha City, thereby improving the accuracy and
scientific integrity of urban planning decisions (Figure 8e and Table 1).
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Table 1. The geological suitability evaluation of UUS and application in China.
Time of Comprehensive
. .. Author City Evaluation Index Weight Evaluation Evaluation and Evaluation System Notes
Publication . . .
Decision Analysis
Existing ground restrictions, the
2024 Pu, Huang, Bi Foshan City structures on the ground, EWM, G1 method GRA
etal. [74] engineering geological and
hydrogeological conditions
Topography, geomorphology, rock
Xu, Chen, Li Sanya Central and soil properties, hydrogeological .
2024 etal. [135] Business District factors, geological hazards, social AHP CM, FCE In Chinese
and economic conditions
Topography, engineering geology,
. environment geology, hydrogeology, .
2024 Li, Yang, Luo Guian new area water ecology, utilization of AHP, Expert scoring Arcgis In Chinese
etal. [126] N method (ESM)
underground space, utilization of
surface space
Xu, Zhou, Zhang Socioeconomic, geological condition,
2023 etal. [129] Changsha and the current construction status AHP BNM
Engineering geological conditions, .
2023 Deng, Pu, Huang Foshan City hydrogeological conditions, and the AHP CM 3D geolqglcal
etal. [67] . modeling
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Liu, Peng, Wu Jiangbei New District ~ angle, compression modulus, water continuous N
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permeability coefficient, horizontal (ICMM)
permeability coefficient
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underground space conditions, GIS, the multi-agent
2022 Che;;,a(ljlﬁz,Z]Guo Nanjing geographical location, economic Delphi, AHP, EWM system (MAS)
’ conditions, development benefits, modelling
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Table 1. Cont.
Time of Comprehensive
. .. Author City Evaluation Index Weight Evaluation Evaluation and Evaluation System Notes
Publication . . .
Decision Analysis
Cohesion, internal friction angle,
Peng, Su, Chen Chengdu Airport Poisson’s ratio, saturated uniaxial GRA, S.u per-standard
2022 . AHP multiple method
etal. [51] New Town compressive strength, and rock (SSMM)
mass integrity coefficient
Topography, geotechnical
2021 Dou, Li, Xing Qianjiang Newtown engineering proper ties, AHP FCE 3D Geomodeller
et al. [52] in Hangzhou hydrogeology, and spatial structure software
characteristics of geologic body
Topography and geomorphology,
. .. geotechnical characteristics, .
2021 Tan, Wang, Jiao Wuhan Changjiang geological structure, AHP, EWM, CRITIC CMf Genetic
etal. [7] New Town . " algorithm (GA)
hydrogeological conditions, adverse
geological phenomena
Topography, hydrogeology, The most
. . engineering geology, environmental unfavorable grading Artificial
2021 Zha;gélz[kiz,ﬁlao Lugﬁgﬂ?ﬁf;mt' geology, ground surface usage AHP method (MUGM) intervention genetic
B status, and underground space and the exclusive algorithm(AIGA)
usage status method (EM)
Important historical sites and
cultural relics, strategic reserve,
Zhane Wane. Don existing facility, active fault, ground The neeative list
2020 & &, Long Xi’an fissures, land subsidence, € negative s
etal. [9] . . . method (NLM)
collapsible loess, sand liquefaction,
groundwater corrosion, wet land
river or lake, and gravel
Slope, soil type, elevation,
Kapoor, Jain and accessibility, vegetation, surface
2020 poor, Pradesh, India runoff, land use, aspect, AHP, ESM ArcGIS

Bansal [113]
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Time of Comprehensive
. Author City Evaluation Index Weight Evaluation Evaluation and Evaluation System Notes
Publication . . .
Decision Analysis
High population density, proximity
to main roads, distance from
2020 Nyimbili, Erden [36] Istanbul existing fire stations, liquid AHP, EWM GIS
petroleum gases, wooden building
density, and distance to
earthquake risk
Geo-physical attributes, accessibility,
2020 Ustaoglu, Aydinoglu Istanbul built-up area and infrastructure, AHP, EWM GIS
[123] vegetation, and green and
blue amenities
. Geological conditions, existing
2019 Zhgtu ;;lLl[,lz)/\éa]mg Nantong facilities and various, AHP, ESM MOLW GIS
’ socio-economic factors
. Landform, engineering geology,
2019 Xl;; Boagz’g?e Qingdao hydrogeology, adverse geological AHP, ESM FCE In Chinese
’ processes, and human factors
Landforms, engineering geology,
Tongren and hydrogeology, site stability, existing GIS software and
2018 Peng, Peng [114] Changzhou subsurface construction conditions, AHP MUGM, EM ArcGIS 10.2
urban location, and land use
Elevation, slope, soil texture,
population density, land cover,
2017 Aburés, Abdullah, Seremban Malaysia d}stance to road.s, highways, AHP GIS
Ramli, et al. [144] railways, powerlines, streams,
industrial, residential, commercial,
and educational areas
Geotechnical properties of
under-layers, geological structure,
2016 Lu, Wu, Zhuang Wuchang Railway geomorphology conditions, AHP TOPSIS, Fuzzy set
et al. [70] Station hydrogeological conditions, and theory (FST)

adverse environmental
geological problems
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Time of Comprehensive
Publication Author City Evaluation Index Weight Evaluation Evaluation and Evaluation System Notes
ubticatio Decision Analysis
Topography and landforms, the digital
Zhu, Huang, Li engineering geology, hydrogeology, underground space
2016 Changzhou ) . AHP, ESM MUGM . .
et al. [30] site stability, and urban and engineering
construction conditions platform
Hou, Yang, Deng Soil condition, bedrock condition,
2016 etal. [11] Foshan fault activity, and level AHP, EWM FST 3D Voxel
Hydrogeological conditions,
. . engineering geological conditions, .
2016 Hu, Liu, Tao [134] Ningbo environmental geological problems, AHP, ESM FCE In Chinese
economic, and technical
Land use/cover, geological,
2011 Youssef, Pradhan Egypt ge.omorphologmal, geophysmal, AHP GIS software
[112] environmental, remote sensing, and

field data
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5. Problems and Suggestions for Improvement
5.1. The Choice of Evaluation Index

GSEUUS is a multifaceted task that should be dynamic rather than fixed. The eval-
uation process must be customized according to the specific evaluation goals, geological
circumstances, resource availability, unique aspects of the geological setting, geological
hazards, and the presence of existing constructions in the area being examined. The quali-
tative selection of criteria for assessment should not only meet the evaluation standards
but also accurately depict the distinctive features of the study region. For example, in the
evaluation of coastal cities, it is crucial to take into consideration the detrimental impacts of
seawater intrusion on both soil and water. In soft soil areas near the coast, the challenges
associated with this type of sediment must also be acknowledged. Additionally, concerns
pertaining to water resources and pollution need to be resolved in accordance with partic-
ular conditions of the research. Groundwater exemplifies a resource that possesses both
beneficial attributes and geological disaster characteristics, which can restrict underground
development. The presence of groundwater often inhibits alternative uses of subterranean
spaces [68]. When the policy foundation for UUS development is centered on maximizing
profits while minimizing disadvantages, contradictions may arise in the interpretation of
evaluation results. The variations in engineering geological formations can also affect the
feasibility of developing USR. Therefore, it is essential that the chosen evaluation criteria
are both logical and anchored in scientific principles. This consideration is also a significant
point of emphasis for review experts.

5.2. Rationalization of Weights

The process of selecting weights should be conducted with a rigor that not only
corresponds to established evaluative frameworks but also adheres to core developmental
principles.

Among the methods for subjective weighting, both the ESM and the Delphi method
are widely utilized. When data is scarce or difficult to quantify, such as in the evaluation of
cultural heritage protection, or when it is necessary to integrate expertise from multiple
fields or in policy-driven planning, subjective weight determination methods are often
employed. However, these subjective weights are influenced by the selection preferences of
experts, which can lead to significant biases [145]. Furthermore, consistency testing of these
weights is relatively challenging, as well as being time-consuming and labor-intensive. On
the other hand, objective weighting methods commonly include the AHP, EWM, and the
TOPSIS. Objective weight evaluation necessitates sufficient and high-quality data, aiming
to minimize the influence of subjective factors. For instance, when the relationships among
indicators are complex, quantitative analysis becomes essential. However, objective weight
evaluation is not without its shortcomings. It tends to amplify sensitivity to outliers and
may overlook the semantic significance of indicators, and static weights fail to dynamically
adapt to environmental changes.

By combining these methodologies, one can effectively apply expert insights along
with data objectivity, thus improving the accuracy and reasonableness of GSE [114,146].
Recent investigations have witnessed ongoing improvements in weight determination
techniques, particularly through enhanced versions of AHP and TOPSIS, which now
integrate both subjective and objective weight elements to refine the accuracy and rationale
of the evaluations further [52,147]. Evaluating the reasonableness of weights is a vital
part of this methodology, with the robustness and credibility of weights subject to further
examination using methods, such as consistency checks and sensitivity analysis. Recent
studies have increasingly adopted Al-driven and hybrid methods (e.g., machine learning
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techniques, like random forests and Bayesian networks) to address subjective weight
assignments by analyzing historical data and automating weight optimization. [148].

5.3. Solve Problems at the Layer

When a single-layer UUS lacks sufficient capacity to meet demands, it becomes es-
sential to explore multi-layer UUS solutions to align with urban growth [52]. Assessing
the suitability of UUS involves acknowledging multiple layers for UUS development and
utilization, which require different selection criteria and factor weighting. The notion of
hierarchical combination was introduced [149,150], facilitating the reduction of multi-layer
assessments into a single layer but neglecting the differences in vertical distribution. Al-
though this approach can yield a rough assessment of the significance of geological factors
during the initial phases and near-surface development of urban underground areas, it
is crucial to take into account how the upper layers impact the bottom layer, particularly
under deeper and prolonged conditions. Geological modeling technologies play a vital
role in analyzing geological body properties, illustrating sectional models, and showcasing
internal and stratigraphic distributions.

5.4. Solve the Problem of Heterogeneity

Evaluations conducted in 2D fall short in effectively merging UUS geological data
with the intrinsic 3D characteristics or complicated spatial configurations, which frequently
leads to a decline in depth information. By partitioning the UUS into multiple vertical
underground spatial layers [151,152], a quasi-3D assessment can be achieved. Various
technologies, such as 3D geological modeling, 3D-GIS, and Building Information Modeling
(BIM), are extensively utilized during the phases of urban planning, construction, mainte-
nance, and management [153], thus promoting the progression of 3D geological assessments.
Additionally, 3D techniques, such as the 3D spatial data model and sagittal integration
modeling technology, have been employed to evaluate the geological appropriateness of
UUS planning [67,133,154]. The intricacy of 3D geological modeling largely arises from
the necessity to align strata with geological principles, especially in areas with extensive
sedimentary cover. The challenge of simulating the 3D spatial arrangement of sedimentary
layers utilizing drilling and geophysical data becomes pronounced, particularly at smaller
scales (less than 1:50,000). Given the non-homogeneous and anisotropic characteristics of
formations, relying solely on borehole data proves inadequate for precisely identifying the
dimensions of minor geological formations. Moreover, geophysical interpretation outcomes
can appear somewhat unrealistic without thorough verification through detailed drilling
data, which can result in poor accuracy regarding the inferred vertical stratigraphic arrange-
ment. Additionally, the difficulty in assessing the suitability of 3D geological models stems
from the need to effectively capture the planar and layered variability of each parameter,
which is crucial for accurately representing the true geological, engineering geological,
hydrogeological, and environmental geological contexts [69]. The spatial variable weight
allocation technique is notably beneficial for performing 3D-GSE [74]. The diversity of
underground infrastructure necessitates a shift from generic models to customized frame-
works in geological suitability assessments, thereby completely breaking the constraints
of stratum homogeneity. For instance, energy facilities require enhanced deep geological
exploration, while municipal facilities necessitate high-density shallow geotechnical testing.
To meet this demand, future research should establish a facility-geology matching database
to support the automatic recommendation of assessment indicators. Concurrently, a modu-
lar weighting system should be developed that allows users to load predefined parameters
based on facility types. Furthermore, exploring digital twin technology could simulate the
long-term performance of different facilities under dynamic geological conditions, such as
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conducting century-scale settlement predictions. The applications of 3D geological mod-
eling technology in the development and utilization of UUS are numerous. For example,
the Kunming GSEUUS proposed an innovative 3D-CWC framework that integrates the
weighted cloud model with 3D geological modeling to address vertical complexity and
uncertainty in geological assessments [155]. In Xuzhou’s 3D geological modeling, a regional
modeling method based on overlay integration technology was utilized [156].

5.5. Integration of Evaluation Results and DSS

The integration of rating results and DSS relies not only on the evaluations them-
selves but also on the compatibility of the decision-making systems. The EU SEA Directive
2001/42/EC, recognized as an international benchmark, explicitly mandates that public
planning and plans systematically assess their potential impacts on the environment, biodi-
versity, and cultural heritage during the initial formulation stage, while also incorporating
public participation mechanisms. This regulation not only establishes the evaluation logic
of “prevention is better than treatment” but also facilitates the transformation of land use
from extensive expansion to refined governance through key processes, such as “alternative
scheme analysis” and “cumulative effect evaluation.” With the advancement of interna-
tional initiatives, like the “European Green Deal,” [157] ESA will further transition from
“passive compliance” to “active innovation,” promoting the evolution of GSEUUS from
“climate adaptation design” to “nature symbiotic development.” This transition requires
not only breakthroughs in technical methods but also global policy coordination; only
by deeply embedding the core concepts of ESA into the land use planning system can a
long-term balance between underground resource development and the community of life
on Earth be achieved.

6. The Case (Xiong’an New Area, China)
6.1. The Concept of Development

The concept of UUS development in the Xiong’an New Area emphasizes the principle
of “first underground, then above ground,” highlighting the importance of rational devel-
opment and utilization of UUS in the planning and construction of the area. The “Outline
of Xiong’an new area planning in Hebei province” explicitly states the need to “actively
utilize shallow layers, sub-shallow space, and, if feasible, make use of sub-deep space
while flexibly reserving deep space.” In constructing the UUS structure of the Xiong’an
New Area, a comprehensive consideration of the engineering geological structure and
hydrogeological conditions was undertaken. Consequently, the UUS development and
utilization was categorized into four layers: shallow layer (L1: 0 to —30 m), sub-shallow
layer (L2: —30 to —50 m), sub-deep layer (L3: —50 to —70 m), and deep layer (L4: —70 to
—100 m) [2] (Figure 9). The selection of elements thoroughly assesses the characteristics of
UUS, encompassing resources, ecological variables, and disaster-related factors. It mainly
considers indicators, such as topography, engineering geological structures, foundational
soil conditions, hydrological conditions, environmental geological issues, and dynamic
geological impacts.
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Figure 9. Proposed map and location of UUS development and utilization in Xiong’an new area [66].

6.2. Suitability Evaluation

Numerous researchers have applied a variety of approaches to GSEUUS in the
Xiong’an New Area from different viewpoints. Han [150] employed the AHP-CIM to
examine the geological viability of shallow, sub-deep, and deep UUS. Liu et al. [2] proposed
a combined evaluation method that integrates the EWM and CRITIC weighting, creating an
evaluation index system for GSEUUS. This method factors in the variability, interrelations,
and comparative strengths of the evaluation indicators, leading to a more logical and
scientifically sound determination of weights. Gao et al. [146] developed a CM for GSE
in the Xiong’an New Area, grounded in the EWM analysis method, while comprehen-
sively considering variables that affect urban development suitability, including geological
conditions, groundwater status, and environmental geological concerns (Figure 10). This
methodology improves the quantification of the weights of evaluation factors, enhancing
both the accuracy and dependability of the evaluation outcomes.

Through a scientific assessment of geological factors, the safety, sustainability, and ra-
tionality of developing UUS can be assured, while it is possible to reduce the potential risks
linked to geological aspects [5,25]. An GSE clarifies the geological conditions and develop-
mental potential across various areas, offering scientific insights for the spatial organization
and functional zoning of the Xiong’an New Area, thereby promoting harmonious regional
growth. This method aids in preventing unrestrained development and illogical utilization
of UUS resources, which in turn supports the sustainable advancement of Xiong’an New
Area and achieves equilibrium among economic, social, and environmental benefits. By
encouraging the thoughtful development and use of UUS, the urban resilience of Xiong’an
New Area can be strengthened, leading to the enhanced capacity of the city to manage
natural disasters and emergencies, thereby ensuring safety and stable operations. As a
nationally designated new area, the planning and development of Xiong’an New Area is of
considerable significance. The outcomes of this research not only bolster the planning and
construction endeavors of Xiong’an New Area but also offer valuable insights and models
that can inform the development and utilization of UUS in other urban areas.
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Figure 10. Concept map of urban engineering construction suitability evaluation based on entropy
weight hierarchical cloud model [146].

SEA has been effectively applied in the development of the Xiong’an New Area. The
planning of its UUS adheres strictly to SEA principles. It dynamically integrates geological
suitability evaluation indicators, such as soil layer bearing capacity and sand layer liquefac-
tion index, with environmental strategic goals, including carbon neutrality and the protec-
tion of biological corridors. This approach has led to the construction of the world’s first
multi-objective optimization model that encompasses ’'geology—ecology—energy.” [158,159]
In subsequent work, the weight ratio of geological factors to environmental factors should
be dynamically adjusted. For ecological redline zones, it is essential to significantly elevate
the priority of environmental factors. When evaluating the environmental carrying capacity
of the Xiong’an New Area, it is crucial to consider not only conventional conditions and
ecological redline zones but also the impact of inter-basin water transfer.

7. Conclusions

The GSEUUS is a vital component in guaranteeing the safe and sensible development
of these spaces. By creating an evaluation index system grounded in scientific principles
and choosing suitable assessment techniques, one can accurately gauge the geological
conditions and potential for development across different regions. Nevertheless, various
challenges remain in existing evaluation methodologies and technologies. These include
a lack of standardized criteria for selecting evaluation metrics, considerable subjectivity
in methods for determining weights, and the intricacies involved in multi-layered or
3D assessments. To address these issues, it is crucial to improve research focused on
the scientific credibility and rationale of evaluation metrics, explore more objective and
precise techniques for weight assignment, and promote the use of 3D geological modeling
in suitability assessments. The diversity of underground infrastructure necessitates a
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transition from a “generic model’ to a ‘customized framework” for assessing geological
suitability. Furthermore, developing customized evaluation criteria and guidelines that
reflect the unique conditions of individual urban areas is essential for enhancing the
relevance and applicability of these evaluations. GSEUUS encompasses multiple disciplines
and presents a broad array of application scenarios. The GSE evaluation method can also
serve as a reference for other areas of work, including engineering construction suitability
evaluation and resource and environmental carrying capacity assessment. This versatility
positions it as a potential application scenario, thereby enhancing its overall value. By
persistently improving the technical approaches for evaluating geological suitability, we
can support the orderly and rational development of UUS, thus contributing to sustainable
urban growth.
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