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BRINGING URBAN TRANSPORTATION INFRASTRUCTURE UNDERGROUND *

Petr Pospisil*, Bernd Hagenah?

Abstract: Bringing urban transportation infrastructure underground brings many benefits, such as creating space for urban
development, the reduction of noise and pollution and, thus, a significant increase in the quality of life, but also improving
traffic safety and reducing deterioration of roads and rail by harsh environmental conditions. The high investment costs of
building new tunnels or covering existing highways and rail lines with lids pay off on the long term, considering e.g., increasing
real estate prices in the adjacent neighborhoods, increased productivity and reduced healthcare costs. The main aspects to be
considered during the planning process are (1) total investment and operational costs, (2) impact of construction works, (3)
safety, and (4) socio-environmental issues. The paper presents some basic planning principles, and experiences from a few
projects in Europe and in the US are shared.

Keywords: Transportation, Tunnels, Lids, Safety, Environment

1. INTRODUCTION

Urban environments, defined by a web of infrastructure, buildings, and bustling activity, grapple with the
challenge of harmonizing rapid development and the expectation of streamlined regional mobility with localized
quality-of-life concerns, such as multi-modal mobility, access to open space, and public health.

Mass transit projects in many cities worldwide have been built underground and have been operating for more
than 100 years, beginning with London underground in 1863, Boston 1898, New York 1904, or Tokyo 1927. The
first road tunnels have been built in the US in Pittsburgh (Stowe tunnel, 1909 and Liberty tunnels 1924) and in
New York under the Hudson river (Holland tunnel 1927).
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Figure 1. Construction of New York subway in 1900
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With the development of highway systems in the U.S. and other countries after the 1950s, once deemed
essential for social and economic progress, urban highways have been built through cities. Unfortunately, that lead
to divided urban centers, fragmented or even eradicated communities, and altered historic, cultural, and natural
landscapes worldwide. Urban highways often stand as barriers not only in the physical sense but socially and
environmentally as well, and lead to elevated noise and poor air quality. The revitalization and reconnection of
urban landscapes brings local socio-economic benefits, fosters community cohesion, facilitates accessibility,
improves public health, and provides more equitable access to opportunity.

2. NOISE

Environmental noise from highways and railways is a widespread yet often underestimated public health issue.
Beyond being a nuisance, chronic exposure to elevated noise levels is associated with increased stress, sleep
disturbances, and elevated risks of hypertension, stroke, and cardiovascular disease. These effects contribute to
both a decline in quality of life and measurable economic impacts through lost productivity and increased
healthcare costs.

According to a preliminary analysis based on models of road, rail and aircraft noise in 2020 from the U.S.
Department of Transportation, nearly a third of the U.S. population lives in areas exposed to noise levels of above
45 dB which are associated with adverse health effects (USDOT 2023).

Economists who analyzed health care spending and productivity loss because of heart disease and hypertension
have argued that a 5 dB reduction in noise could result in an annual benefit of $3.9 billion in the US (Swinburn et
al., 2015).

Studies also show that noise interferes with learning. In the Bronx, NY a classroom facing an elevated railroad
he impact of noise extends to cognitive performance. A study in the Bronx, NY found that classrooms adjacent to
elevated rail tracks—exposed to noise levels up to 89 dB — experienced lower student achievement compared to
quieter classrooms on the opposite side of the building. After installing effective noise control measures that
reduced exposure by 8 dB, test performance between the two groups equalized (Bronzaft et al., 1975).

Bringing transportation infrastructure underground, through tunneling or highway lidding, directly reduces
ambient noise levels in adjacent communities. These reductions contribute to lower healthcare expenditures,
improved learning environments, and enhanced overall urban well-being. In many European countries, noise
mitigation requirements serve as a primary justification—and funding mechanism—for such infrastructure, with
the responsible authority (often the state) covering costs under environmental compliance frameworks.

3. TUNNELING VS. COVERING EXISTING ROADS AND RAIL LINES

Urban planners strive to bring road and rail traffic underground. Many new urban highways and rail lines are
built preferably as tunnels, and many existing urban highways have been covered in various countries worldwide.
Tunnels are also the most expensive type of transportation infrastructure in terms of investment. Boring new
tunnels has usually the lowest impact on the existing structure, except at the portals and shafts, but can be very
challenging in an urban area with existing underground infrastructure.

An economically more feasible approach is lower existing roads and railway lines by excavating and covering,
or by simply building a lid over existing depressed infrastructure. This reflects the evolving needs of urban
societies, prioritizing human-centric design, environmental consciousness, and holistic urban planning.

Figure 2. Building a Highway lid (A7 Stellingen, Hamburg, Germany)
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When considering existing highways, the existing physical conditions and length of coverage needed can
dictate whether a tunnel or lid may be most feasible or cost-effective. The driving force behind both lidding and
tunneling is to address the often-divisive impact of highways and reintegrate disjointed urban spaces, striving for
cohesion and unity. Lids can bear a diverse range of loads, e.g., lush green parks, dynamic recreational zones, or
foundational supports for buildings, residential housing or vital public infrastructure.

4. BENEFITSFOR THECITY

Bringing transportation underground has many benefits:

Connecting Divided Areas: Lidding projects reunite neighborhoods and areas previously separated by
motorways or rail lines, fostering greater community cohesion.

Maximized Land Use: In densely populated urban settings, where land is at a premium, lids provide
additional space, effectively turning air rights into usable real estate. This can pave the way for diverse
developmental projects without further land acquisition.

Recreational and Green Spaces: Parks, playgrounds, and open spaces on lids offer residents accessible
open space and green infrastructure in otherwise densely developed urban environments, promoting
physical health and mental well-being.

Diverse Infrastructural Opportunities: The strength and versatility of these lids allow for a range of
structures to be built atop them. The possibilities are expansive, from parks and recreational spaces to
commercial establishments, residential buildings, parking lots and public amenities.

Economic Boost and Investment Opportunities, leading to public-private partnerships that can offset
some of the costs of lidding projects.

Job Creation; Construction, maintenance, and the businesses that emerge on these lids generate
employment opportunities, contributing positively to the local economy.

Increased Property Values: Adjacent areas often see a surge in property values due to reduced noise
emissions and increased quality of life.

Multi-Modal Corridors: With regional through-traffic tucked below the lid, there is ample space for
multi-modal corridors to accommodate safe and equitable mobility options such as pedestrian
pathways, protected bike lanes and dedicated transit-ways, in addition to the potential for low-speed
vehicular traffic.

s
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Figure 3. Klyde Warren Park (Dallas, TX, USA)

Reduction of Noise Pollution: The lid shields the highway or rail noise effectively from the
environment. This results in quieter neighborhoods, reduced healthcare costs, higher productivity and
improved overall well-being for residents. Modern lid designs often incorporate materials that reduce
noise in the portal areas and in open stretches.
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e Improved Air Quality: A lid improves the air quality by shielding the neighborhood from road
emissions. Natural ventilation induced by the moving traffic is sufficient for diluting pollutants below
admissible threshold levels inside the tunnel and in portal areas. Only for very long highway tunnels,
adequate ventilation measures such as portal exhaust and filters may be evaluated to improve air
quality in the portal regions (Pospisil, 2020).

e Urban Heat Island Effect Mitigation: Plants and trees on the lids can reduce the urban heat island
effect, a phenomenon where urban areas experience higher temperatures than their rural surroundings.
Vegetation provides shade and releases moisture, naturally cooling the surrounding area.

e Urban Ecosystems: Lids landscaped with diverse flora can attract and sustain various fauna,
essentially becoming urban biodiversity hotspots. Strategically placed green lids can act as corridors
or bridges for urban wildlife, reducing the risk of road deaths and promoting ecological connectivity.

e Managing Flash Storms: Incorporating green infrastructure elements, such as permeable surfaces and
bioswales, plays a vital role in managing the challenges of flash storms. Flash storms can overwhelm
conventional drainage systems, leading to urban flooding. However, highway lids designed with
permeable surfaces allow rainwater to infiltrate naturally, reducing rapid runoff. Bioswales, in turn,
aid in the filtration and absorption of rainwater, enhancing water quality while lessening the burden
on stormwater systems.

5. BENEFITS FOR MOTORISTS AND ROAD OWNERS

Focusing on roads and highways, bringing transportation infrastructure underground also brings substantial
benefits for the road users and owners. Road tunnels and lids provide a safer and more sustainable route than open
roads. According to statistical data, the accident rate in tunnels is lower than on open roads. Drivers are shielded
from distraction and unfavorable environmental conditions, for instance, sun glare, rain, and ice. Moreover, tunnels
prevent collisions by eliminating conflicts with pedestrians and animals crossing.

Shielding from harsh environmental conditions also protects the roadway structure. The lifetime of tunnels is
usually longer than that of other infrastructure, such as bridges, and roadway surfaces need to be renewed less
frequently than on open roads.

Figure 4. Inside a highway tunnel
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6. KEY CONSIDERATIONS

While offering substantial advantages, highway lidding is complex and demands meticulous planning and
foresight. Ensuring the success and longevity of such projects requires addressing a range of technical, financial,
environmental, and social considerations (Theis et al., 2024).

The main purpose of the highway, to provide a safe road connection, must not be impaired by the lid
construction. Lane and shoulder widths should be maintained.

During the planning stage, it is critical to determine the planned use of the lid, both in terms of initial intended
use and any longer-term anticipated use. One of the foremost considerations is ensuring the lid can support the
intended structures or greenery above while allowing safe passage for vehicles below. The use of the tunnel is a
driving factor in establishing the appropriate dead loads and superimposed loads for which the lid and supporting
structure must be designed for. Careful selection of the loading criteria in the planning stage allows for eventual
flexibility where it may be needed in the future.

Managing rainwater drainage, snow loads, and other weather-related challenges is pivotal to the lid's longevity
and functionality. Structural durability and minimizing future maintenance are core concerns of all transportation
authorities. Urban lid projects provide new challenges with regard to structural detailing to maximize service life.
With lids more prone to freeze-thaw cycles than deeper tunnels, proper drainage design becomes paramount. In
addition to sloping a lid to maintain a minimum pitch to drain, a lid cross-section should include well-draining fill
materials, drainage layers, and waterproofing membranes.

Lidding projects demand significant upfront investment. Determining sources of funding — public, private, or
a combination — is crucial. Beyond the initial construction, regular inspection, testing and maintenance, energy
consumption mainly for tunnel lighting, and occasional repair works and replacement of equipment, needs to be
considered for Life Cycle Costs. To justify those costs, assessing the potential return on investment through
increased property values, business opportunities, reduced healthcare costs, and other economic boosts need to be
considered

Regulatory and Legal Hurdles can be cumbersome. Especially in densely populated urban centers, navigating
the intricacies of land ownership, air rights, and zoning regulations is a fundamental step. Large-scale projects
typically require a plethora of permits and approvals from various municipal and state agencies, necessitating
careful coordination.

Understanding the potential environmental impacts, including on local ecosystems and water tables, is
essential. Soliciting feedback and buy-in from local communities ensures that the resultant development aligns
with their needs and aspirations. In areas with historical or cultural significance, the design and execution of lidding
projects must be approached with sensitivity.

The very nature of highway lidding means working over or near active traffic lanes. This necessitates
understanding and managing the potential disruptions. While some disruptions might last just a few hours or days,
others could span weeks or even months. An understanding of the timeframes is essential for planning. To
minimize disruptions, significant construction activities might be scheduled during off-peak hours or weekends
when traffic volumes are lower. Temporary ramps, bridges, or lanes might need to be constructed to manage traffic
flow during the lidding process. Traffic might need to be rerouted. Effective communication to the public is crucial
to prevent confusion and congestion.

Figure 5. Residential development over highway (A3 Altendorf, Switzerland)
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7. SAFETY

Collisions impose the most significant risk to drivers on roads. Fires in road tunnels happen less often than
collisions but may impose a serious hazard to road users when they get trapped in the smoke inside the enclosed
underlying structure. A fire with an extraordinary heat release rate, e.g., burning Flammable Liquid Cargo (FLC),
is highly unlikely, but might result in substantial damage and even partial collapse of the lid structure.

The probability of a collision or fire hazard on a defined road section directly correlates to its length and traffic
load. Usually, the collision risk in tunnels is lower than on open roads, and the probability of collisions is a
magnitude higher than that of vehicle fires. To a large part, the operational risk is related to driver behavior and
vehicle conditions, which can only partly be influenced by safety measures on the road infrastructure.

Preventive safety measures are most effective and need to be prioritized (Pospisil, 2011). For road tunnels,
such safety measures are:

Road alignment, considering traffic density, line of sight, lane and shoulder width.

Most urban highway lids provide unidirectional traffic, with a separation wall between roadways.
Enforced speed limit adequate to sight distance and traffic conditions.

Traffic management with signals and barriers for lane or tunnel closures.

Traffic management in the adjacent road network.

Tunnel lighting, which is directly related to the allowed speed and sight distance

Since the atmosphere in the tunnel can be wet and corrosive, and adequate protection of the tunnel structure
and equipment from corrosion and regular inspections are essential.

Figure 6. Lane control signs and variable message signs at tunnel portal

Fire Life Safety measures in road tunnels may include:

Emergency exits in short distances

Smoke and fire detection

Public Addressing System

Structural fire protection and/or active fire suppression systems, depending on a risk assessment and
expected costs for tunnel closure and refurbishment after a large fire.

Standpipes with fire department connections and fire fighting water supply.

Longitudinal tunnel ventilation with flow control for smoke management (Pospisil, 2020)

For very long tunnels with high probability of congestions and rear-end accidents, additional point
smoke exhaust by controllable dampers in short intervals may be adequate.

All tunnel systems must be maintained and regularly tested, to ensure reliable function when required.

A critical planning factor is ensuring that emergency services can quickly reach any point on or beneath the
lid. Designing clear, accessible egress and ingress routes for scenarios like vehicle breakdowns, accidents, or fires
beneath the lid is paramount.
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For rail tunnels, the risk resulting from collisions or fires is much lower than on roads. Focus is on preventive
measures, train control systems, and facilitating safe evacuation of large numbers of passengers in case of a stalled
train or any other emergency, with or without fire. Unlike mountain tunnels in stable geological conditions, lids
may collapse due to an explosion or a catastrophic fire incident. Very large fires resulting from freight trains are
highly unlikely, but may be considered for potential fire protection measures.

Big data are used to determine quantitative indicators for operational risks, using primarily statistics about
accidents and fires on roads and rails. Such statistical data provide input for the event tree development for
quantitative risk analysis (QRA). Big data analysis is also applied to evaluate reliabilities and failure rates of
specific equipment, which needs to be considered in the QRA event trees. QRA is an important tool for decision
making on effective safety systems.

8. SUSTAINABILITY

Transportation lidding projects present a unique opportunity to champion sustainable construction
methodologies that prioritize the environment, which in turn benefits the local community.

A key component of this eco-friendly approach is material selection. Projects can substantially reduce their
environmental footprint by prioritizing recycled construction materials or locally sourced ones.

The primary construction material is concrete, the production of which requires a high energy demand.
Therefore, reducing the amount of concrete by optimizing the lid concept directly reduces the ecological footprint.
An example of such a measure is to provide longitudinal ventilation instead of transversal ventilation, which would
require ventilation ducts and fan buildings, as in older tunnels. With longitudinal ventilation, the fans rarely need
to be in operation. Transversal ventilation would bring about massive energy consumption because it slows down
the natural ventilation induced by the piston effect of moving vehicles.

Energy efficiency extends beyond the completed project; it begins during construction. Using green machinery
powered by electricity or more energy-efficient ones can dramatically curb emissions during the construction
phase. Moreover, by optimizing transportation and logistics, materials can be moved more efficiently, reducing
fuel consumption and the associated environmental impact.

Waste management is another crucial facet. Emphasizing the reduction of waste at its source and facilitating
the recycling of construction debris might reduce landfill contributions. Moreover, ensuring the responsible
disposal of hazardous waste in adherence to environmental guidelines safeguards both the environment and the
community.

The integration of nature into highway lidding projects serves multiple purposes. Green roofs and vertical
gardens enhance aesthetic appeal and offer functional benefits like improved insulation, stormwater management,
and air quality enhancement. Considering the global push towards renewable energy, including solar panels or
photovoltaic cells in the lid's design can transform these structures into hubs of clean energy generation.

Water, a resource growing scarcer in many regions, must be used judiciously. Employing sustainable water
use practices during construction, such as rainwater harvesting, can ensure this vital resource is conserved.
Furthermore, designing sections of the lid with permeable surfaces can play a pivotal role in groundwater recharge
and effective stormwater management.

FIGURE 7. Railway lid with train station (Opfikon, Switzerland)
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EXAMPLES

Examples for new tunnels that successfully replace existing urban highways:

Madrid M30 ring road tunnels, Spain

Boston Central Artery, US

Munich middle ring road tunnels, Germany
Nordtangente Basel, Switzerland

Seattle SR99 Alaskan Highway tunnel, US

Tunnel Blanka, Czech republic

Stockholm West Bypass, Sweden (under construction)

Figure 8. Glazed portal section of Petueltunnel, Munich, Germany

Examples of urban highway lid projects:

Klyde Warren Park, Dallas, US
Ueberdeckung Schwamendingen, Switzerland
AT lids, Hamburg, Germany

Figure 9. Einhausung Schwamendingen, Zurich, Switzerland
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A prominent example of covering a railway yard is the Hudson Yards projects in New York City.

Figure 10. Hudson Yards, New York, USA
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10. CONCLUSION

Highway lidding and tunneling are a component of the larger urban fabric and should integrate seamlessly with
other urban revitalization efforts. This may include connecting lidded areas with pedestrian-friendly zones,
creating green corridors that link parks, or designing multi-modal transport hubs that enhance mobility. Integrating
these progressive highway projects with initiatives like urban farming, community gathering spaces, or cultural
hubs can create vibrant, multifunctional spaces that truly revitalize urban landscapes.

The most significant challenge for highway lidding projects is securing adequate financing. While the initial
capital costs are substantial, the long-term economic and societal benefits provide multiple return of investment.

In Europe, the owner of the highway or railway line is responsible to comply with environmental requirements,
in particular noise protection. This obligation can be used to finance tunnel and lid projects. In contrast, in the US,
highway owners, which are the state DOTs, mostly refuse any contribution to such projects, and the affected cities
lack of adequate funds. A solution may be to involve private funding, for instance in the form of public-private
partnerships. The generated revenue can offset a significant portion of the construction costs by offering
commercial development rights atop or around the lidded sections. Another avenue is leveraging land value capture
mechanisms, where the increase in land and property values resulting from the project can be channeled back into
financing the project itself.

With improved air quality and reduced noise pollution, there's potential for significant savings in public
healthcare costs. Reduced respiratory issues, mental health benefits and lower stress levels can lead to substantial
taxpayer savings. An argument can be made for redirecting a portion of these savings back into the project. A
model where future healthcare savings are projected, and a fraction is earmarked for lidding projects can be
explored.

Construction disruptions represent another challenge. Building a lid over an active highway significantly
affects traffic operations and generates noise and dust from the construction, affecting neighboring areas. A
staggered construction schedule can minimize traffic disruptions. Many highway lids were built even over ongoing
traffic as far as possible. On the other side, the longer the construction period, the greater the inconvenience to the
public and potential economic losses due to traffic delays. Implementing night-time construction, offering
alternative routes, or providing incentives for off-peak travel can minimize disruptions. Advanced construction
techniques, like prefabricated sections or off-site construction, can speed up the on-site assembly process. Tunnel
systems should be pre-assembled and tested as far as possible before being installed in the tunnel to minimize
commissioning and testing time. Effective communication with the public, perhaps through digital platforms
providing real-time updates, can help manage expectations and reduce frustrations.
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EXPLORATION FOR UPGRADING OF URBAN UNDERGROUND SPACE PLANNING IN
CHINA: UNDERGROUND PLAN

Haoyu Wang?, Dongjun Guo?, Xingxing Zhao®, Jun Huang*, Yanhua Wu®, Yulu Chen®

Abstract: Multiple major resources exist below the ground: space, water, geothermal energy, geomaterials and so on. While
the necessity of using multiple underground resources (MURS) has been extensively studied. However, most Chinese cities
develop the underground space plan lacking examinations assessing the interaction relationship of MURs, which hinders the
policy making and planning formulation of MURs synergistic utilization. It is proposed that the urban underground space plan
should be upgraded to plan MURSs, that is to say underground plan. The need for the transformation and upgrading of
underground space plan in China is discussed, and the types and systems of underground space plan and its related plan are
analyzed. Finally, the orientation and the major components of future underground plan are put forward. This research work
provides a sound understanding of MURs synergistic utilization mechanism, which is supposed to be conducive to the
sustainable utilization of MURs and the formulation of MURs plan.

Keywords: Urban underground space plan, Underground plan, Upgrading, Multiple underground resources

1. INTRODUCTION

Underground space, recognized as the 'Fourth Territory' beyond a nation's land, airspace, and territorial waters,
represents an emerging natural resource for urban development and a crucial strategic national asset. With
contemporary urban growth constrained by existing ground-level environments, pre-existing structures (buildings
and infrastructures), and finite spatial resources, the utilization of urban underground space is garnering increasing
attention 31, However, the academic community has gradually realized that multiple resources exist below the
ground: space, water, geothermal energy, and geomaterials 161, as shown in Table 1. Conceptually, these resources
are intrinsically interconnected within a unified underground environment. Singular resource utilization often
adversely impacts the exploitation potential of others, creating conflicts, such as underground constructions
forming groundwater cut-off walls that obstruct natural aquifer flow paths [/l and challenges in managing spoil
from underground excavations €. Current underground space planning frameworks predominantly emphasize
functional service domains—such as urban transportation, municipal infrastructure, and commercial facilities—
while insufficiently integrating the utilization of groundwater, geothermal energy, and geomaterial resources 10,
China’s 'Dual Carbon' goals and urban renewal initiatives now mandate transformative approaches to underground
development, explicitly requiring rational groundwater utilization, geothermal resource exploitation, and
construction spoil recycling. Consequently, China’s urban underground pace development must transition from
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high-speed growth to quality-driven advancement—shifting from the utilization of single resource toward the
synergistic utilization of MURs. To achieve this aim, underground space planning should be upgraded to the MURs
planning, that is, underground planning.

Table 1. Descriptions and Value of multiple major resources that existed below the ground 11151,

Type Descriptions Value
The underground space is naturally or The use of underground space could
artificially excavated, remains alleviate traffic jams and land
Underground ] .
unexploited, and has the potential to be shortages.
space o .
developed under existing technological
conditions.
Geothermal energy is a crucial
Geothermal energy refers to the thermal
Geothermal ) ] ) renewable  energy  source  for
energy contained in rock-soil mass below )
energy constructing energy systems and
the ground. . o
reducing carbon emissions.
Important part of water, constitutes half
Groundwater is the water reserved in rock of the world's residential water and
Groundwater  and earth mass fractures or holes below the  approximately 25% of agricultural

Geomaterials

ground.

Geomaterials refer to the useful materials
excavated from below ground such as

rock, soil, etc.

irrigation water, and used for 38% of
the world's irrigated land.

Effectively using geomaterials helps
improve the environment and reduce

waste.

2. MOTIVATIONS FOR PLANNING MURS IN CHINA
2.1. Intensive utilization of MURs

Driven by China's rapid urbanization and technological advancements in underground resource utilization,
including ground-source heat pumps (GSHP), tunneling shields, and spoil recycling, urban underground resource
exploitation has undergone accelerated development, exhibiting distinct scalability. For underground spatial
resources, China's annual growth rate averaged nearly 20% from 2018 to 2023, with cumulative construction
reaching 3.276 billion m2 by end-2023; newly added underground space in 2023 alone approximated 312 million
mz2, accounting for 21.8% of total urban construction completions (see Figure 1 for cumulative and annual
development) 16201, Regarding geothermal resources, China possesses abundant shallow geothermal reserves with
utilization leading globally—by 2021, its geothermal heating/cooling capacity hit 1.33 billion m?, maintaining the
world's largest direct-use scale for years 4. For groundwater, despite stringent controls reducing supply from a
2012 peak of 113.2 billion m? to 81.95 hillion m3 in 2023, it still constituted 13.9% of national water supply 2224,
alongside enhanced regulatory frameworks. In geomaterials, Shenzhen exemplifies scale: engineering spoil and
slurry reached 81.08 million tonnes in 2023 (=90% of construction waste, with its Construction Waste
Management Plan mandating 40.7 million m3/year silt-separation capacity and 52.83 million m3/year eco-sintering
capability %1, This large-scale utilization establishes the foundation for planning MURSs.
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Figure 1. Schematic diagram of cumulative development scale and annual newly added floor scale of urban underground space in
China (2018-2023)

2.2. Interactions among MURs

2.2.1.  Underground space and water

Numerous studies and engineering practices have demonstrated interactions between underground space and
groundwater 6726281 The impact of underground space on groundwater primarily arises when underground
engineering penetrates or traverses aquifers, forming cutoff walls that obstruct groundwater flow paths while
contacting groundwater. This leads to structural corrosion, alterations in groundwater levels, and contamination
[6.1026] Conversely, the impact of groundwater on underground space mainly stems from rising water levels due to
groundwater protection or reduced groundwater extraction, thereby modifying the operational environment of
underground structures originally constructed above the water table ©281. This compromises engineering
performance and induces incidents such as sand boiling and structural failures. Specific cases and related research
are detailed in Table 2.

Table 2. The cases and studies of the interactions between underground space and groundwater.

Type Description of case and study Site
Underground underground space development in the Xiong'an New Area will Baoding,
space to result in the expansion and deepening of depression cones within Hebei.
groundwater aquifers. Groundwater levels on the upstream side of underground

structures will rise, while those on the downstream side will
decline, with the maximum observed water table increase reaching

7.17 m 28],
Underground The Chengdu University of TCM & Sichuan Provincial People's Chengdu
space to Hospital Station documented groundwater level alterations over , Sichuan
groundwater five years post-construction, with the hydraulically upstream side

exhibiting approximately 0.8 m of backwater elevation and the
downstream side registering circa 0.5 m of drawdown 271,

Groundwater to The inter-tunnel section of Beijing's Jianguomen Station Metro Dongcheng
underground experienced sand boiling phenomena in its foundation due to District,
space groundwater level rebound 81, Beijing.

2.2.2.  Underground space and geothermal energy

The interactions between underground space and geothermal energy primarily depends on the type of
geothermal utilization facility. For ground source heat pump (GSHP) systems, their interplay manifests
predominantly as spatial interference between underground structures and ground heat exchangers 1% For
groundwater source heat pump (GWHP) systems, the interaction chiefly arises from aquifer disruption caused by
underground space development, which alters groundwater levels and consequently impacts GWHP operational
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efficiency . Regarding energy geostructures, their synergy is characterized by direct integration within
underground engineering frameworks, enabling geothermal harnessing without occupying additional space 7,
Specific case studies are detailed in Table 3.

Table 3. The cases of the interactions between underground space and geothermal energy.

Type Description of case Site
Underground During the construction of Xuzhou Metro Line 1, the Xuzhou city,
space to GSHP project encountered interference from pre-existing GSHP Jiangsu

systems. This resulted in the demolition and reconstruction
of the affected geothermal systems [,

Underground In the Shanghai Foxconn Tower project, GSHP pipes were  Pudong new area.
space to energy installed within the diaphragm walls forming the Shanghai
geostructure foundation pit support structure, creating integrated

"Energy Walls." The pipes were embedded at depths of
approximately 37 meters, with a pair of U-tubes installed at
1.5-meter intervals, totaling 204 loops %,

2.2.3.  Underground space and geomaterials

The advancement of spoil valorization technology has revolutionized underground construction by enabling
the recycling of excavated rock and soil materials for reuse in subgrade formation, landfill site stabilization, and
ceramsite manufacturing %1, while simultaneously facilitating the repurposing of subterranean voids created
during material extraction into functional underground spaces %1, Representative cases are detailed in Table 4.

Table 4. The cases of the interactions between underground space and geomaterials.

Type Description of case and study Site
Underground The Haishu District Duantangzhong Road Project in Ningbo Ningbo,
space to utilized dredged sludge and silty clay soils from engineering spoil zhejiang
geomaterials as primary raw materials for roadbed filler, with the recycled spoil

constituting approximately 92% of the final product's composition

by weight and supplementary additives accounting for the

remaining 8% [,
Geomaterials to three underground reservoirs were constructed with a total storage Yulin,
underground capacity of 7.105 million m3, achieving a daily reinjection rate of shanxi
space approximately 9,790 m3 of treated mine water in the Daliuta Coal

Mine within Shendong Mining Area [,

2.2.4. Geothermal energy, groundwater and geomaterials

Conceptually, the interactions between geothermal energy and groundwater utilization primarily stems from
the fact that both resource exploitation activities require water resources. Different types of geothermal energy
utilization facilities are subject to distinct impact mechanisms. For ground-source heat pump systems, groundwater
extraction leads to a decline in the utilization efficiency of GSHP but does not render them inoperable, whereas
for GWHP, groundwater extraction causes a drop in the water table, thereby resulting in an inability to extract
groundwater for heat extraction and ultimately rendering them inoperable.

Conceptually, the existence of both geothermal energy and groundwater is intimately linked to underground
rock and soil formations. Geothermal energy utilization requires heat extraction from geological media such as
rocks, soil, and water, while groundwater resides within underground sediments and rock matrices. Excavation of
underground rocks or soils fundamentally alters the geological substrate, causing both geothermal resources and
groundwater to cease to be recoverable due to the destruction of their natural hosting environments.

In summary, both the scaled-up utilization of China’s underground resources and the interactions among these
resources will lead to increasingly pronounced conflicts in engineering practices while simultaneously amplifying
the demand for coordinated resource management. Consequently, an integrated planning framework for the MURS
becomes imperative.
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3. PROJECTS FOR USING MURS
3.1. Underground space use and geothermal energy

China has now implemented multiple projects demonstrating synergistic utilization of underground space and
geothermal energy. A flagship example is the Beijing Daxing International Airport, completed in 2019, which
features two underground levels accommodating high-speed rail, metro, and intercity railway transfers alongside
commercial and dining services. For geothermal exploitation, the airport hosts China's largest GSHP system,
enabling it to achieve 10% renewable energy utilization—a key sustainability target. This system serves 2.57
million m2 of space through two energy stations and 10,497 borehole heat exchangers (BHES), with their layout
illustrated in Figure 2. Annually, it extracts 303.2 terajoules (TJ) of shallow geothermal energy, saving 12.25
million m3 of natural gas—equivalent to 14,873 tonnes of coal—while reducing carbon emissions by over 24,900
metric tonnes B34%7,

Similarly in Beijing, the Dongliuhuan (Jingha Expressway-Luyuan North Street) Renovation Project
completed in April 2025 transformed conventional shield tunnels into energy tunnels by integrating heat exchange
pipes within the invert segments (Figure 3). This dual-functional infrastructure simultaneously bears surrounding
rock loads and extracts geothermal energy. The 800-meter energy tunnel section meets heating/cooling demands
for 1,226.3 m2 of buildings in the South Administration Zone while providing winter de-icing for approximately
40 meters of the F6 ramp roadway (383,

In Shanghai, the Natural History Museum (New Wing) opened in 2015 occupies a 12,000 m2 site with a total
floor area of 45,275 m2, The 18-meter-tall structure comprises three above-ground levels and two basement levels.
This project employs energy geostructures through heat exchange pipes embedded in bored piles and diaphragm
walls (Figure 4). The ground-source heat exchanger system delivers peak cooling and heating capacities of 1,639
kW and 1,178 kW respectively. Although the initial investment for this geothermal system exceeded that of a
conventional chiller-boiler setup by ¥2.102 million, it achieves annual operational savings of ¥223,000 with a
dynamic payback period of 11.98 years. The system reduces coal consumption by 117.7 tonnes of standard coal
equivalent annually while cutting CO2 emissions by 195.5 tonnes 140}

Figure 2. Schematic Diagram of Geothermal Borehole Layout at Beijing Daxing International Airport [3]
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Figure 4. Schematic Diagram of Geothermal Pipe Embedding in Cast-in-Situ Piles at Shanghai Natural History Museum [34
3.2.  Underground space use and geomaterials

Nanjing's Southern New District, situated south of the old city beyond Zhonghuamen Gate, spans the tri-
junction of Qinhuai, Jiangning, and Yuhuatai districts adjacent to Nanjing South Railway Station. This Tier-1
priority development zone—one of Nanjing's four core urban hubs—covers a planned area of 19.8 km? with a2 9.94
km2 central nucleus. Its underground space development totals approximately 4.8 million m2, with subterranean
construction accounting for ~35% of above-ground floor area ©1#2, The district pioneer’s construction waste
resource recovery in municipal projects, targeting 2.2 million m3 of spoil recycling. This initiative reduces diesel
consumption by source, cutting CO2 emissions by approximately 19,000 tonnes 3. Figure 5 shows China's first
large-scale stationary spoil recycling plant operational in the Southern New District.

On Shenzhen Metro Line 13, the 2.1-km tunnel segment between Yingrenshi and Luozu stations yielded
approximately 206,000 m?3 of excavated material, comprising 21,000 m? of hard rock and 185,000 m3 of slurry-
type soft soil. To facilitate differentiated treatment and recycling, the Line 13 Spoil Processing Center was
established with a peak daily throughput of 4,000 m3. Operating at a continuous processing rate of 200 m3/h for
over 20 hours daily, the center had reclaimed 27,300 m3 of reusable sand and aggregate resources by 2022 4],
Figure 6 details its slurry separation phase within the treatment workflow.

In Kansas City, Missouri, limestone mining since the late 19th century left extensive abandoned mine
workings. By the mid-20th century, mining operators transitioned from solely extracting limestone to strategically
converting mined-out voids into available space resource during active excavation 2%
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Figure 6. Slurry Separation during Construction Waste Processing for Shenzhen Metro Line 13 %3]

3.3.  Underground space use and water

Xiong'an New Area, strategically positioned within the Beijing-Tianjin-Baoding regional triangle,
encompasses a planned 1,770 km? as a national-level development zone where the Hebei Xiong'an New Area
Planning Outline (hereafter 'Outline’) mandate comprehensive utilization of underground space and groundwater
461, The Outline specifically requires orderly underground space utilization, prioritized infrastructure deployment
in subsurface areas, and establishment of integrated coordination mechanisms. Concurrently, Xiong'an New Area
Master Plan (2018-2035) construction of a groundwater monitoring network featuring 41 well clusters (109
individual wells) across the entire 1,770 km2 zone, enforcing strict extraction controls to monitor and prevent land
subsidence, with primary focus on shallow aquifers <50m depth ©71,

As the pioneering development sector, the 38-km? Start-up Area—under the Hebei Xiong'an New Area Start-
up Zone Regulatory Detailed Plan—Ilimits above-ground construction to 28 million m2 while capping underground
space utilization below 10 million m2. This zone designates groundwater as the emergency backup supply 81,

4.  ANALYSIS OF CHINA’S UNDERGROUND SPACE PLANS AND ITS RELATED PLANS
GROWTH TREND AND CHARACTERISTICS OF CARBON EMISSIONS

4.1. Prevailing typology and characteristics of underground space plans

Underground space plan serves as a specialized sub-system within China's territorial spatial plan framework,
providing critical regulatory foundations for the utilization of urban underground space resources. Current multi-
tiered underground space plans comprise: (1) underground space development plans, (2) underground components
within territorial spatial master plans, (3) specialized underground utilization plans, and (4) detailed underground
plans (4950,

(1) Underground Space Development Plan

32



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

These represent the strategic blueprint guiding scientific utilization, orderly construction, and efficient
management of urban underground resources over defined periods. Functioning as overarching policy documents,
they establish development objectives, guiding principles, implementation strategies, key tasks, and safeguard
measures - forming the fundamental basis for subsequent plan and governance.

(2) Underground Space Components in Territorial Spatial Master Plans

Derived from development plans, these components define underground plan frameworks and content
requirements within comprehensive territorial plans. They provide directives for specialized underground space
utilization plans and detailed underground space plans, articulating development priorities, plan philosophies,
formulation depths, and compilation strategies. Crucially, they establish interfaces between underground space
plan subsystems and broader territorial plan systems.

(3) Specialized Underground Space Utilization Plans

Operating under master plan guidance, these core instruments coordinate underground space development
across entire urban areas. They facilitate vertical integration of plan indicators from master to detailed plans,
identify regulatory priorities, and address control requirements. Key elements include spatial configurations,
development phasing, objectives/strategies, 3D control mechanisms, facility classification guidance, disaster
resilience measures, and implementation safeguards.

(4) Detailed Underground Space Plans

As direct implementation tools, these plans operationalize mandatory requirements from development and
master plans while interfacing with specialized plans. They provide statutory bases for underground space
allocation and management, offering integrated aboveground-underground development guidelines for design and
construction. Content encompasses functional specifications, interconnectivity requirements, quantitative
development controls, environmental/cultural provisions, facility sitting, and integrated spatial design.

Multi-tiered underground space plan necessitates coordinated utilization of diverse underground space
resources according to each tier's positioning, functions, and content. This chapter analyzes existing urban
underground space plans to demonstrate their multi-level responses to synergistic resource utilization, as
systematized in Table 5.

Table 5. Responsiveness of multi-tiered underground space plans to the synergy utilization of MURs

Multi-tiered Underground  Groundwater  Geomaterials  Geothermal  Synergy
underground space space energy utilization
plans
Underground  space N N N — N
Development Plans
Underground  Space v - N N N
Components in
Territorial Spatial

Master Plans

Specialized N - - _ _
Underground  Space

Utilization Plans

Detailed Underground V - - _ _

Space Plans

\ refers to involve; — refers to not involve.
4.2. Interfacing specialized plans with underground space plans

Underground space plans exhibit comprehensive nature, involving multiple specialized plans for underground
development. Relevant plans such as civil defense, rail transit, municipal utilities, public services, disaster
prevention, and sponge city initiatives all entail underground demands. This paper systematically reviews 16 types
of urban specialized plans with underground requirements. By analyzing conflicts in underground space utilization
across these plans, it proposes synergistic relationships with MURs. Conflicts between other specialized plans and
underground space utilization can be categorized into [51]: (1) Conflicts with underground space constraints; (2)
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Conflicts between specialized plans themselves; (3)Conflicts arising when feedback from underground space plan
outcomes is integrated into other specialized plans. Specific details are presented in Table 6.

Table 6. Conflicts in underground space utilization among specialized plans and their synergistic relationships with MURs

Specialized Plan

Existing
Conflicts

Involved Major Underground Resources

Undergrou

nd space

Groundwater

Geomat

erials

Geothermal

Synergy
energy utilization

Urban Renewal
Specialized Plan
Sponge City
Specialized Plan
Rail Transit
Specialized Plan
Integrated
Transportation
Specialized Plan
Parking
Facilities
Specialized Plan
Logistics &
Warehousing
Specialized Plan
Utility Tunnel
Specialized Plan
Municipal
Facilities
Specialized Plan
Civil Defense
Facilities
Specialized Plan
Seismic Disaster
Prevention
Specialized Plan
Mineral
Resources
Specialized Plan
Cultural
Tourism

Specialized Plan

@

®
@
@

o

o (@]
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New Digital 2 . — — — —
Infrastructure

Plan

Smart @ o — — — —
Infrastructure

Plan

Geothermal © o o — o o
Resource

Specialized Plan

Groundwater © o o — o o
Protection &

Utilization Plan

e indicates mandatory consideration of synergy, o indicates recommended consideration of synergy, indicates no
current need for consideration.

4.3.  Issues in underground space plans and interfacing plans

Existing underground space plans and interfacing plans exhibit a multi-tiered and highly comprehensive nature,
encompassing development plans, territorial spatial master plans, specialized plans, and detailed plans. By
analyzing the responsiveness of underground space plans to synergistic utilization of MURS, the conflicts between
specialized plans and underground space utilization, and their coordinate relationships with MURs, this study
identifies the following issues in China’s current underground space plan framework:

(1) Inadequate plan transmission mechanisms

While China's underground space development plans and territorial spatial master plans address MURSs, their
specialized and detailed plans remain predominantly focused on underground space exploitation. Insufficient
vertical integration exists between plans (master plans to specialized plans), reflecting incomplete transmission
mechanisms.

(2) Absence of resource synergy principles

Across all plan tiers, content prioritizes underground space resource development—covering objectives, plan
concepts, facility categorization, and spatial arrangement. Synergistic utilization of other underground resources
(geothermal, groundwater, geomaterials) receives insufficient attention.

(3) Fragmentation of specialized plans interfacing underground space plans

Specialized plans interfacing underground space plans encompass numerous types, functionally spanning
multiple levels including transportation, warehousing, civil defense, information technology, cultural tourism, and
seismic safety; resource-wise involving diverse underground resources such as space itself, minerals (geothermal
inclusive), and water resources; and administratively engaging multiple departments including transportation,
water resources, and geology. This cross-sectoral fragmentation characteristic within both specialized underground
space utilization plans and related specialized plans thereby substantially increases the complexity of achieving
synergistic utilization of MURSs.

4.4.  Some suggestions for upgrading of urban underground space plans

Building upon the analysis of multiple underground resource utilization projects and China’s underground
space plan framework, this study proposes the following recommendations for upgrading urban underground space
plan in China:

(1) Positioning specialized underground space utilization plans as the core vehicle, this approach integrates the
synergistic utilization of MURs. Current analysis reveals that development plans and territorial spatial master plans
have initiated the incorporation of MURs. Functioning as the primary transmission driver for plan indicators from
master plans to detailed plans, specialized underground space utilization plans must transition from singular space
resource plan toward multi-resource plan. Thematic coverage includes spatial layout, construction phasing,
objectives and strategies, horizontal and vertical control mechanisms, development guidance, facility
classification, disaster resilience, and implementation safeguards. Incorporating resources such as groundwater,
geothermal energy, and geomaterials into specialized plans would significantly enhance practical engineering
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guidance. Consequently, given both operational demands and engineering applicability requirements, specialized
underground space utilization plans constitute the fundamental platform for future upgrades.

(2) Refining underground space plan transmission mechanisms. The transmission within underground space
plan is multifaceted. It manifests not only between the master plan and specialized plan, but also between
development plan and the master plan, between the master plan and detailed plan, and between specialized plans
and detailed plans. Establishing a robust coordination mechanism is essential to form a coherent underground
space plan system.

(3) Leveraging the coordinating and guiding function of specialized underground space utilization plans.
China's current underground development involves numerous specialized plans, with most underground utilization
content from interfacing specialized plans with underground space plan already addressed within specialized
underground space utilization plans. This framework should activate its coordinating and guiding function to
proactively mitigate inter-plan conflicts in underground space utilization while establishing explicit synergistic
relationships with MURs, thereby progressively integrating multi-resource synergistic utilization principles into
all interfacing specialized plans.

5. CONCLUSION

This study briefly outlined motivations for planning MURs in China, and further analyzed the current
deficiencies in underground space plans and its related plans for the synergistic utilization of MURs.
Recommendations are proposed, including "Positioning specialized underground space utilization plans as the core
vehicle,” "Refining underground space plan transmission mechanisms,” and "Leveraging the coordinating and
guiding function of specialized underground space utilization plans.” It should be noted that China's underground
space plan is characterized by its strong comprehensive nature. This characteristic becomes even more pronounced
in the underground plans. Compared to conventional underground space plans, underground plans required richer
geological data and greater coordination of departments. This study provides only a preliminary exploration of the
framework for underground plans. More in-depth research is warranted regarding its formulation, implementation,
and management.
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UNIVERSALITY IN DESIGN: USER-CENTRIC METHODOLOGY FOR
INFRASTRUCTURE PROJECTS - BRUSSELS EXPERIENCE
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Abstract: Many urban studies highlight the issue of discontinuities between public spaces, particularly in underground mobility
infrastructure. These spaces often suffer from poor connections to the surface, rendering them almost invisible to passers-by
and further isolating them from the public realm. This research focuses on a user-centric approach as a key condition for
achieving continuity and coherence in metro station design within the broader urban fabric. It aims to establish a
comprehensive, 360-degree design methodology, drawing on insights from Brussels’ metro station projects.

Through the integration of multimodality principles with sustainability, urban planning, aesthetics, technique
and maintenance, the proposed methodology prioritises universal accessibility to create welcoming and inclusive
underground public spaces. From a forward-looking perspective, the study examines the intersection of urban
temporal and spatial dynamics with aesthetic, functional, and technical elements, translating these into project
management mechanisms. It is conducted alongside research on the interface between mobility and urban
planning, ensuring that transportation hubs are not just functional nodes but also integrated, accessible, and liveable
spaces for all.

Keywords: Design, station, multidisciplinarity, urban planning, public transport

1. INTRODUCTION

City life revolves around public spaces. It is a place for movement, encounter, and civic life, a ‘common space’
that exists at the intersection of individual and collective spatial experience (Lévy & Lussault, 2013). Public space
takes many forms: open or enclosed, freely accessible or regulated, inherited or newly created. Those ‘in between’
spaces, whether stops, stations or multimodal hubs, are crucial interfaces for facilitating connections between cities
and transportation networks.

However, while certain cities, such as Montreal and Toronto (Besner, 2017; Boisvert, 2011), have a well-
developed underground pedestrian network, this is not the case in many other cities around the world. The poor
connection between subway stations and urban space results in them being invisible or barely perceptible to
passers-by. (Bertolini, 2008; Labbé, 2014; Sander, 1996). This physical detachment gives rise to various types of
discontinuities and boundaries?, imposed®, spontaneous®, or even imagined® (Escallier, 2006; Piermay, 2002).
Historically, the design of such infrastructure has been driven by the logic of networks, prioritising speed,
efficiency, capacity, and operational functionality (Dupuy, 1987; Kaufmann, 1998). This highlights the need for

! Head of Art & Architecture office at STIB-MIVB & Brussels Mobility, Chair of UITP Design & Culture Committee, UCLouvain lecturer

2 A border is a barrier or boundary that separates two different territories or systems.

3 Imposed boundaries are often the result of administrative or legal constraints linked to land rights, which define the limits of an area. They
may be the result of strategy, planning, development or operating methods.

* Spontaneous boundaries emerge naturally in response to marked social, economic or geographical contrasts. They may be the result of
inequalities, urban discontinuities (such as wasteland or infrastructure), or physical obstacles (gradients, slopes, slippery ground), creating a
break between the city and the network, particularly stations.

% Imaginary boundaries are mental barriers created by negative perceptions of a place (cold, dark, dilapidated) or traumatic experiences (theft,
harassment). They influence the way people feel and can limit the use of certain urban spaces or services.

39


https://doi.org/10.46793/ACUUS2025.1.3.135

19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

coordinated strategies that ensure continuity between surface and underground spaces while supporting sustainable
urban infrastructure.

Numerous studies have highlighted a recurring issue: the failure to incorporate users’ needs and expectations
into the design of transport infrastructure. Public transport operators are still hesitant to embrace user-centric
approaches, which they view as abstract and difficult to apply, especially given the diversity of user profiles. For
decades, they have based their designs on the notion of a ‘standard user’, leading to a high degree of
standardisation. This model excludes many users whose needs fall outside the norm.

To understand and evaluate alternatives, this article first outlines the defining features of a user-centric model
in urban development projects, along with the elementary principles of commonly practised project management.
It helps to contextualise the relevance of the Brussels experience, where a user-oriented methodology has been
applied to the design of metro stations. The goal here is not to construct a new science of management, but rather
to identify, through a pragmatic lens, some key levers and distinctive features that may enhance project quality
compared to traditional models. Ultimately, the aim is to bring stations closer to their users and improve their
integration with the urban environment.

By interpreting the project process through specific case studies, this research positions itself as an exploratory
inquiry. It is rooted in applied work carried out in a professional framework, forming what might be called an
empirical laboratory. The scientific research conducted in parallel has directly fed into the development and
implementation of these practical experiments.

2. LOOKING AT THE PROJECT PROCESS

More than ever, the project process is being called upon to integrate the collective dimension (Boutinet, 1990).
The traditional expert model, based on a strict hierarchy, is being called upon to give way to co-production, where
users become active partners in the design process. In this way, the project becomes a tool for dialogue between
users and project managers. This participatory process makes it easier to identify users' needs and expectations
and encourages them to take ownership of the spaces (Decléve, Forray, & Michialino, 2002). In this context,
architectural and engineering skills need to be enhanced by interpersonal skills and an ability to reconcile often
complex requirements, while ensuring the coherence of the project.

Refocusing on the user-centric approach calls for examining traditional design methods, including underground
infrastructure, in favour of greater openness, transparency, cross-functionality and innovation (Admiraal &
Cornaro, 2018; Toussaint & Zimmermann, 2001). By meeting daily needs and saving time for other activities, the
concept of the ‘urban station’ (Micic, 2021) transforms the journey into a stroll through an environment that is
safe, welcoming, aesthetically appealing, and restorative. The ecosystemic design conditions underpinning this
transformation are illustrated in Figure 1. The quality of its design determines the quality of its use, and vice versa.

Ecosvstem Desian Conditions of the ‘Urban Station’

Network
Techniques
Continuity
Accessibility < Interconnections
Qlty - Hrabltablllty ) Users , Diversity __ Time
Public space Material <> Immaterial Services < Attractivity Lifestyles
Evolutivity
Flexibility < Synergies
Management
Specificities

Figure 1. Schematisation of the Ecosystem Design Conditions of the ‘Urban Station’. Source : (Micic, 2021)
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Given the implication of this development on the project process, many project managers are wondering about
the ‘what” and the ‘how to do it’. To grasp the complexity of the project-based approach, it is helpful to revisit
three fundamental dimensions: the irreversibility of the process, the dialectical relationship between knowledge
and action, and the shifting nature of challenges and management strategies (Arab, 2007; Midler, 1996).

The knowledge phase represents the exploratory stage that precedes any concrete action. It involves analysing
the context, evaluating the potential of the site, drawing on specialised expertise, and identifying constraints and
technical opportunities. This analytical groundwork is essential to developing innovative and context-sensitive
responses (Boutinet, 2010). Ultimately, the goal is to transform an initial idea or concept into a tangible,
multifaceted reality, rooted in both time and place.

Unlike industrial projects, which typically follow a relatively linear trajectory (Figure 2a), urban design
projects are marked by fluctuating and less predictable dynamics (Figure 2b). These projects are primarily engaged
during the initial phases: reflection, debate, feasibility studies, preliminary design, and design development. Once
this phase is completed, the project tends to solidify and the production phase gradually becomes irreversible
(Arab, 2007; Midler, 1996). This inherent instability can be attributed to several factors: the significant
heterogeneity and complexity of the elements involved, the often-prolonged duration of such projects, and the
persistent tension between the urgency to act and the need for thoughtful reflection. Moreover, it reflects a deeper
dialectic between the reversibility and irreversibility of decisions made throughout the process.

Dynamics of the '’knowledge-action’ relationship

Industrial project over time Urban development project

Capacily for action Level of knawledge Capacity for action Level of knowladge

H 4
:

Figure 2. Dynamics of the activity of the ‘knowledge-action’ project: a) Industrial project over time. Source :
(Midler, 1996). b) Urban development project. Source : (Arab, 2007).

From a project management standpoint, the steering process aims to provide structure and guidance for all
stakeholders involved, while ensuring coherent and effective governance. Depending on the project's scale and
nature, this process mobilises a broad spectrum of actors: public and private authorities, operators, politics,
technical experts, institutional partners, various associations, etc. Its role is to coordinate these contributions,
anticipate potential risks, whether administrative, political, or technical, evaluate key parameters, and uphold a
consistent and unified project vision.

Rooted in the principles of management science, this process is activated from the earliest stages of the project
(Gilles, 2011). A central tool in this approach is the ‘golden triangle’ model, which seeks to balance three
interdependent dimensions: quality, cost, and schedule (Figure 2). Maintaining this equilibrium throughout the
project lifecycle is a core challenge in ensuring its success (Dobson, 2004; Gilles, 2011).

Design and the ‘Golden ‘Triangle’ principle

Quality

Content Resources

Design
Cost Risks Delivery

Figure 3. Design and the ‘Golden Triangle’ principle. Source: personal achievement, according to several authors.

In the realm of public projects, political and media pressures often lead to time and financial constraints
becoming the primary focus, with quality taking a back seat. While network operators are generally able to define
requirements from a technical and operational standpoint, the diverse and heterogeneous expectations of users are
often insufficiently addressed. This oversight underscores the importance of clarifying and reinforcing the concept
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of ‘quality’ in its broadest sense. Only by doing so can a sustainable and equitable balance be re-established in
project development and delivery.

3. USER-CENTRIC METHODOLOGY : BRUSSELS EXPERIENCE

The transition toward an accessible city for all gained momentum in the early 21st century, spurred by a
growing movement advocating walking as a legitimate and active mode of transport. Committed to enhancing the
quality of public space, Brussels Mobility®, alongside STIB-MIVB’ and partners including municipalities,
institutions, and civil society, launched a series of initiatives to promote a more accessible, inclusive and
sustainable urban environment. Institutional support was solidified with the adoption of the Iris Il Regional
Mobility Plan in 2010 and further strengthened by the launch of the Strategic Pedestrian Plan® in 2012, both
foundational to fostering a more pedestrian, walkable and people- friendly city. This vision was formalised through
key strategic documents such as the Regional Sustainable Development Plan® and the Regional Mobility Plan®®,
which together framed a coherent approach to integrated urban and mobility planning.

3.1.  Universal accessibility as a strategic lever in the design of metro stations

Brussels Mobility and the STIB-MIVB have undertaken a systematic accessibility program aimed at upgrading
existing metro infrastructure. A key element of this program is the installation of elevators®! to ensure step-free
access. While elevators represent an essential improvement, they are not, in themselves, sufficient to address the
full spectrum of needs encountered by people with reduced mobility*? or special needs.

Recognising these limitations, in 2018, the Collectif Accessibilité Wallonie Bruxelles (CAWaB) initiated a
collaboration with Brussels Mobility and STIB-MIVB to develop a dedicated design reference framework for the
underground public spaces of metro and pre-metro stations, an equivalent to the vade-mecums already applied to
ground public space. To find synergy between all stakeholders, a multidisciplinary committee was established.
This committee comprises representatives from regional authorities, all internal departments of the STIB-MIVB,
and the association Atingo. As a specialist on universal accessibility and appointed by CAWaB’s members to act
as a ‘user expert’*3, Atingo is crucial in expressing the intricate, sometimes conflicting*, realities and requirements
of people with reduced mobility.

The decision to incorporate a ‘user expert’(Kerroumi & Forgeron, 2021) into the design process was a
pragmatic and strategic alternative to a full-scale participatory approach, which was deemed unfeasible due to time
constraints and the technical complexity of the project. Acting as a mediator, the user expert voiced user needs
while allowing the process to stay focused and technically manageable. This choice was supported by a wealth of
pre-existing empirical data from earlier regional surveys, such as the Regional Mobility Plan, the mobility
barometer, and STIB-MIVB’s customer satisfaction survey. While broader participatory methods remain valuable,
particularly in large-scale urban planning, they must not compromise the specific and often rigorous needs of
people with reduced mobility (PRM).

The overarching objective is to achieve universal accessibility (Mace, Hardie & Place, 1996) across all metro
stations in Brussels. Ensuring access to PRM, regarded as one of the most vulnerable user groups, not only fulfils
a fundamental equity imperative, but also enhances usability for all categories of users. In this context, findings
from the 2008 Health Survey conducted by the Access and Go association (formerly ANLH) reveal that more than
30% of individuals over the age of 15 experience either permanent or temporary physical or psychological
limitations. These figures underscore the broader societal relevance of accessibility, positioning it as a cornerstone
of inclusive urban mobility.

¢ Administration of the Bruxelles-Capitale Regional Public Service.

" Acronym for Société des Transports Intercommunaux de Bruxelles — trad.: Brussels Intercommunal Transport Company

8 The following dimensions are determined by the ten quality criteria, GO10, outlined in the Strategic Pedestrian Plan: Network, Itinerary,
Intermodality, Experience, Space, Physical Comfort, Autonomy, Mobility hubs, Safety, and Health.

9 https://perspective.brussels/fr/outils-de-planification/plans-strategiques/plan-regional-de-developpement-prd/prdd

10 https://be.brussels/fr/transport-mobilite/enjeux-de-la-mobilite/plan-regional-de-mobilite

1 Currently, elevators are installed in 57 of the 69 stations. Source : SSE/DITP — RBC & STIB-MIVB.

12 Abrev. PRM

13 https://humancentereddesign.org/user-expert-lab

¥ Findings indicate that interventions effective for one type of disability may not be suitable or appropriate for others.
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The proportion of people with reduced mobility by type of disability

Figure 4. The proportion of people with reduced mobility by type of disability and permanent or temporary - people aged
over 15. Findings from the 2008 Health Survey conducted by the Access and Go association (formerly ANLH). Source:
Vademecum for people with reduced mobility in public spaces. Brussels Mobility.

Drawing on the foundational principles of universal design, the committee quickly acknowledged that the
subterranean environment of metro stations constitutes a complex, three-dimensional spatial system with distinct
operational and functional characteristics. Within this context, the needs of people with reduced mobility (PRM)
cannot be addressed in isolation from the technical and logistical constraints traditionally associated with the
operation of transit networks.

Beyond accessibility, other important considerations should be made, such as multimodality, urban planning,
safety, the integration of diverse urban services (e.g. retail, food services, public services, cultural venues), all
framed within principles of sustainability and environmental responsibility. Given this plural complexity, the
multidisciplinary committee determined that the scope of action needed to extend beyond the principles of
universal design alone. Instead, a more comprehensive ‘global design’ approach was adopted, one that is
transversal, systemic, and capable of integrating a wide range of perspectives, requirements and constraints.

To achieve this, the Regional Mobility Commission (CRM) and its specialised subsections (such as those
pertaining to active modes and PRM), Beliris, SNCB, equal.brussels, gender associations, academic institutions,
and others were among the important institutional actors that contributed to this cooperative effort. The inclusive
methodology helped ensure that the resulting standard would be robust, context-sensitive, and broadly applicable.

3.2. A Global Design Framework

At the end of 2022, the official reference framework ‘Directives relatives a la conception des stations de métro
de Bruxelles : Stations nouvelles — Projets de rénovation > was approved. The name of the ‘Directives’ was to set
them apart from other standards and emphasise their practical application. By applying an integrated and inclusive
vision for public mobility spaces, this document consolidates a set of design requirements and operational
constraints anchored in core principles: equality of use, flexibility, intuitive simplicity, comfort, well-being, and
safety for all users, including the staff. The overarching aim is to ensure that everyone, regardless of gender, age,
or (dis)ability, can navigate the metro and pre-metro environment freely, autonomously, and with ease, across the
full range of services provided.

More specifically, the Directives aim to:

Enhance the overall quality of the station as a public space.

Contribute to urban and ecological development.

Preserve and valorise the architectural and artistic heritage of existing stations.

Ensure universal accessibility and inclusivity for all.

Guarantee the safety and security of users, staff, and infrastructure.

Improve intermodality and encourage multimodal travel, including micro-mobility solutions.
Anticipate future developments in public transportation networks.

Reduce the psychological barriers associated with underground environments.

Make public transit systems safer, more comfortable, and more welcoming for all.

Facilitate effective maintenance and long-term infrastructure management.

15 Translation in English: ‘Brussels Metro and Pre-Metro Station Design Directives: New stations — Renovation projects’
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While adhering to current standards and relevant regulatory frameworks, it offers a holistic approach to the
spatial organisation of metro stations, the selection of materials and equipment, and the integration of user-centric
design principles. Grounded on detailed knowledge of public behaviour and user needs, the document formulates
recommendations aimed at intuitively guiding and orienting individuals within the station environment. For
instance, signage should be designed to reinforce users’ natural orientation, serving as a complementary element
to a thoughtfully conceived spatial layout that is inherently legible and user-friendly.

To distinguish itself from purely technical standards, the Directives adopts a structured methodology inspired
by the pedestrian user’s journey (Figure 5a). Its modular layout is organised into thematic sections containing
individual sheets, allowing for flexible consultation and targeted updates. Each component can evolve
independently without compromising the coherence of the whole. The document has been supplemented by
updated metro standard plans, which provide more technical translations of specific recommendations.

One of the central challenges in developing this design framework was ensuring consistency across the
multitude of technical and functional disciplines engaged throughout the design process. Considering the wide
range of demands, restrictions, and contextual factors, it was frequently essential to engage in negotiations and
identify harmonious solutions to disparate expectations. Those could arise from the unique characteristics of
different mobility limitations or from other technical, functional, cultural, architectural, heritage-related,
environmental, or social considerations.

Structuration Positioning
= |dentify
= Enter - Exit

Technical
standards

= To Move

= Welcome Global

Design
= Onboard ‘Directives’

= Services

= Evacuate S
* Atmosphere Urban planning Environmental
* Support prescriptions requirements

Figure 5. a) Structuring of the ‘Directives’ for the design of metro and pre-metro stations in Brussels. b) Positioning
of the ‘Directives’ in relation to other reference requirements. Source: Brussels Mobility et la STIB-MIVB.

Crucially, the Directives was conceived with the intent to preserve a margin for creativity, an element
considered fundamental to sustaining architectural and urban innovation within metro station projects. It does not
replace existing documents but rather complements and integrates them, aligning with broader frameworks related
to the city, transport networks, and the environment (Figure 5b). Intended for all stakeholders involved in the
design, development, or redevelopment of metro stations and their surroundings, whether for comprehensive or
targeted interventions, the document provides a clear and structured framework to support project designers
throughout the process.

3.3.  Implementation of Directives

Approved at the end of 2022, the Directives have entered a two-year implementation phase, allowing project
managers to gradually familiarise themselves with the content and test its application across a range of contexts.
This experimental period is intended to facilitate final refinements prior to the release of the definitive version of
the document.

In practice, however, the implementation of new reference framework, particularly those not immediately
perceived as technically essential, can present significant challenges. On the one hand, project managers may find
it difficult to alter long-standing professional routines. On the other, designers, whether due to a strong attachment
to their own creative vision or a limited understanding of accessibility concerns, may underestimate the needs of
people with reduced mobility.

Implementation tends to be more straightforward in the context of new projects, where compliance with the
reference can be integrated from the outset into the contractual framework binding design teams. In contrast,
applying the guidelines to existing metro stations, or to projects already underway or in execution, proves more
complex. Any modification of previously "validated" components must contend with various constraints,
especially in terms of budget and schedule.
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The issue of scope is essential, as all projects have specific intervention limits, often confined to only part of a
station. At present, the design framework applies exclusively to the modified sections, while the rest remains
unchanged, pending future opportunities for improvement.

Projects are assessed against the reference standards at various stages of their development. To support this
process, training sessions are organised for project managers and other key stakeholders, facilitating consistent
and informed implementation.

In this context, the design standards also serve as the foundation for a cross-functional audit, designed to
produce a comprehensive inventory of publicly accessible infrastructure. This audit aims to create a form of station
‘identity card’, offering a systemic overview of renovation or transformation needs. This approach supports the
development of a strategic renovation plan and helps schedule targeted interventions.

It is self-evident that aligning all stations within the Brussels network with the new standards will require both
time and substantial financial investment, particularly for projects dedicated to comprehensive accessibility
upgrades. As such, a strategic, phased approach is being adopted, capitalising on ongoing and future projects to
limit additional costs. Some recommendations will be implemented in the short term, while others will follow in
the medium or long term.

Moreover, it is important to note that certain parts of metro stations fall within the scope of partner-led
developments, such as retail, residential, or office projects, and the design guidelines must also be applied in these
contexts. The same principle extends to urban development initiatives in the neighbourhoods surrounding stations,
whether directly adjacent or in the broader vicinity. This is based on the understanding that a station's boundary
does not end at its entrance: the surrounding public space must also facilitate safe, comfortable, and intuitive access
for all users.

4. THE RESULTS OF PRACTICE

The two-year implementation phase that followed the guide’s approval in late 2022 provided an opportunity
not only to test the standard’s requirements and constraints but also to evaluate the practical methods of its
application. Interestingly, among the many directives it contains, only a few were found to be especially difficult
to implement. Ongoing consultation within the multidisciplinary committee helped to clarify these issues and fine-
tune the framework where needed.

Nevertheless, its practical implementation turned out to be even more complex. Directives that were easily
measurable, such as the precise dimensions or specifications, were generally more easily comprehended and
applied. By contrast, technically unmeasurable aspects, like those related to spatial legibility, sensory perception,
or architectural expression, required additional support. Exemptions, too, proved challenging. Due to the variety
of contextual conditions, deviations from the standard had to be addressed with customised, empirically grounded
solutions that followed the same principles used to develop the framework itself.

One persistent challenge lies in the entrenchment of conventional design practices, which often resist change.
While inclusive and user-centric approaches are gaining traction, they are not yet fully established. This makes the
early, cross-functional integration of the framework into new projects critical. For projects already underway,
however, a transition period is necessary adjustments are constrained by existing contracts, schedules, and budgets.

To support both the transition and future planning, the framework serves as the foundation for a systematic
audit process of existing stations. These audits produce a detailed inventory of public spaces and allow for the
creation of "identity cards" for each station, outlining strengths, weaknesses, and levels of compliance. This
facilitates the strategic planning of renovations in short-, medium-, and long-term phases, which are tailored to the
available resources and in accordance with broader urban developments.

Training proved essential throughout this process. Many professionals involved in metro development held
personal and sometimes narrow views on accessibility, rather than a shared, well-informed understanding. Raising
awareness among project managers and stakeholders helped foster a more unified approach to applying the
framework and addressing the needs of people with reduced mobility. Support from upper management staff
played a crucial role, particularly during the transitional phase when existing projects were already constrained by
budget and time.

As the design reference framework, Directives not only consolidate technical, aesthetic, and functional best
practices, but also help clarify the quality dimension within the traditional quality-cost-deadline (Q-C-D) triangle.
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By reducing the risk of overlooking critical user needs, it improves project outcomes and supports smoother
execution by aligning design decisions with scheduling and budgetary realities.

Moreover, the data gathered from audits feeds into 3D digital models of station infrastructure, enabling better
coordination among stakeholders across the station's lifecycle. These tools also enhance transparency and public
communication, offering clear insights for political and civic discussions. It’s also a useful tool for outlining
requirements for different partners, especially those involved in projects that are adjacent or within the
surroundings of metro stations.

Model of user-centric design project process
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Network
Figure 6. The project process based on user-centred design. Source : personal achievement from different sources.

Evermore, this methodology provides the basis for a strategic and comprehensive and overview of the metro
network. It facilitates the efficient coordination of maintenance operations, assists in the prioritisation of projects,
and coordinates future development, all while reducing the likelihood of misalignment or oversight.

5. CONCLUSION

The design of underground public spaces, often regarded as inherently complex and opaque, continues to pose
significant challenges within urban development. These environments demand a holistic, ecosystemic and
integrated design approach that fully incorporates the human dimension. In this regard, a universal design
perspective serves as a lever in the global conceptualisation of urban metro stations.

The transition away from traditional methodologies marks a progressive shift toward a more collaborative,
user-centric model of urban project development. This kind of framework makes it possible to meet different, and
sometimes conflicting, requirements and needs, such as technical, functional, aesthetic, and experiential ones, by
promoting coherence and mutual understanding. It underscores the necessity of a multidimensional and
interdisciplinary approach to planning, ensuring that the complexity of urban infrastructure is addressed through
fitting design solutions that meet the expectations of all parties.

The strategic governance of infrastructure projects must commit to the principle of universality, not simply as
a technical objective, but as a fundamental right and a cornerstone of urban transformation. While contextual
variability necessitates tailored responses, the overarching objective remains consistent: to integrate people’s
interests into a long-term strategic vision that integrates above- and belowground public spaces into a coherent
urban fabric. Cultivating synergies among all stakeholders, with a user-centric approach embedded in the earliest
stages of project development, fosters the creation of public spaces that are not only sustainable and legible but
also equitable and responsive to actual and future demands for mobility, inclusion, and urban quality of life.
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RESEARCH ON THE DISTRIBUTION, DEVELOPMENT QUALITY AND DRIVING
FORCES FOR THE DEVELOPMENT QUALITY OF URBAN UNDERGROUND SPACE IN
CHINA
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Abstract: As a critical spatial resource for expanding urban land use dimensions, the overall scale of urban underground space
has been steadily increasing. Its development quality is influenced by various factors. Based on multi-source data, this study
evaluates the development quality of urban underground space in 22 representative Chinese cities using the entropy method
across four dimensions: Rari Transit (RT), Underground Space Construction (USC), Underground Space Resilience (USR),
and Society Development (SD). Additionally, the PLS-SEM model is employed to analyze the driving forces and their action
paths. The findings indicate that: 1) Shenzhen demonstrates the highest development quality in underground space, with
underground space resilience (USR) being the most significant dimension affecting its development quality. Economic
resilience emerges as the most crucial single indicator; 2) According to the PLS-SEM model, USR exhibits the strongest direct
effect and serves as a key mediator. The path " society development(SD) — underground space resilience(USR) — urban
underground space development quality(UUSDQ)" shows the most pronounced indirect effect; 3) Based on these results, two
strategies are proposed: guiding spatial supply-side reform through social development and enhancing government decision-
making efficiency by improving the management mechanism for underground space development. Specific development
strategies are also suggested for cities with medium and low-quality underground spaces.

Keywords: Urban underground space, Development quality assessment, Entropy weight method, Driving factors, PLS-SEM
modeling

1. INTRODUCTION

The development and utilization of underground space in Chinese cities encompasses a range of functions,
including underground parking, commercial facilities, recreational spaces, and metro stations. Over the past 70
years, the construction approach has transitioned from an initial focus on civil air defense projects to one led by
rail transit systems, and more recently, to a model guided by pedestrian activity demands. As a critical component
of the so-called "fourth territory," urban underground space offers diverse services such as retail, dining, and
entertainment(Tang & Tang, 2024). Its forward-looking spatial characteristics have elevated its development to a
national strategic priority, positioning it as a key trend in future urban planning(The website of the Chinese
government, 2024).

According to the *2024 China Urban Underground Space Development Blue Book*, by the end of 2023, the
total built area of urban underground space in China had reached 3,276 billion square meters. The per capita
underground construction area increased from 3,49 m? in 2022 to 3,6 m* in 2023, indicating the vast scale of
underground development( Beijing: Strategic Consultation Center et al., 2024). However, with rapid urbanization
and the continuous expansion of existing underground infrastructure, available underground space resources are
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being rapidly depleted(Wang et al., 2025). Consequently, the quality of underground space development has
become increasingly significant. Scholars have conducted extensive empirical studies to identify the driving
factors behind urban underground space development from multiple perspectives. For example, Zhao et al. (Zhao
et al., 2025)applied a geographical detector method and identified three core indicators — above-ground
commercial facility density, underground facility density, and population heat value—that significantly influence
the spatial layout of underground commercial areas. Zeng & Chen (Zeng & Chen, 2018) used the length of
operational metro lines as a proxy for underground space development intensity and found that cities with high
population density and high GDP per unit area tend to develop underground infrastructure more rapidly. Sun et al.
(Sun et al., 2018)measured underground development intensity using per-unit-area metrics and employed OLS
regression to confirm that development scale is strongly correlated with social indicators such as resident
population density, GDP per unit area, and vehicle ownership per hundred residents. Furthermore, Chen etal.(Chen
et al., 2021), based on heat map data, demonstrated that population density not only exhibits a strong positive
correlation with the morphological distribution and development intensity of underground space but also serves as
a predictive factor for future development intensity. These findings collectively indicate that the configuration,
form, and evolution of urban underground space are shaped by a multitude of interrelated factors.

Current research on the quality of underground space development primarily focuses on geological
environmental conditions(Xiong et al., 2025; Zhang et al., 2023), subsurface resource quality(Guo et al., 2024;
Yan et al., 2021), and macro-level governance frameworks(Wang et al., 2019; Yi, 2025). However, during the
rapid development of urban underground infrastructure, other multidimensional factors —including policy
interventions(Qiao & Peng, 2023), economic drivers(Chen et al., 2018; Yu et al., 2025; Zhao et al., 2025), rail
transit expansion(Yu et al., 2025; Zhao et al., 2025), and underground resilience(Li & Wang, 2025; Luo et al.,
2023)—also exert significant influence on development quality. Therefore, from a practical application standpoint,
there is an urgent need to quantitatively assess the development quality of urban underground space. Additionally,
understanding the driving forces across different dimensions and the causal relationships among them remains a
critical research gap. To address this, this study employs spatial analysis techniques such as kernel density
estimation and spatial autocorrelation to characterize the spatial distribution patterns of urban underground space
in China. Subsequently, the entropy method is applied to evaluate the development quality of underground space
in 22 selected cities. Finally, the PLS-SEM model is utilized to explore the underlying driving mechanisms and
their paths, aiming to provide theoretical insights and practical references for the sustainable development of urban
underground space.

2. MATERIAL AND METHODS
2.1.  Spatial analysis

This paper visualizes the distribution and characteristics of underground space in Chinese cities using kernel
density estimation and spatial autocorrelation methods. Kernel density estimation is a non-parametric statistical
method in spatial analysis (Yang & Li, 2021) that describes the distribution pattern of random variables through
density functions. The non-discrete continuous density surface generated by this method can simulate the
continuity of density(Huang et al., 2023; Yang et al., 2019). In this study, streets are used as the minimum
geographical spatial units to aggregate the kernel density values of underground space POls (Points of Interest)
and treat them as observations. Spatial autocorrelation includes global spatial autocorrelation and local spatial
autocorrelation. Global spatial autocorrelation measures the clustering or dispersion of attribute values across
spatial units within the entire study area, reflecting systematic spatial associations. Local spatial autocorrelation
measures the spatial association between the attribute value of a specific spatial unit and its neighboring units(Fan
& Myint, 2014; Meng et al., 2005). The calculation formula is as follows:
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In the formula, m represents the number of geographical units involved in the calculation, X represents the mean
of the observed values (expressed as kernel density), s represents the variance of the observed values, W,

represents the spatial weight between the i-th elementandthe j -thelement, and x; and x; respectively represent
the observed values of geographical units i and j .
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2.2.  Entropy method

The entropy method is an objective weighting approach that calculates the information entropy of indicators to
reflect the magnitude of their information content. Its core principle is to determine the weight values of each
evaluation indicator based on their respective information entropy. The calculation process is as follows:

(1) Standardization processing

Range standardization is applied to render the 15 indicators dimensionless. The calculation formula is as
follows:

When the indicator is a positive indicator, positive normalization processing is performed:

X — min(xi'j)
X = : ) ; (3)
(1) i (%))

When the indicator is a negative indicator, reverse normalization processing is applied:
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In the formula, x; represents the original data of the j -th indicator for the i-th city, and x; represents the data

after standardization processing.
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In the formula, n denotes the number of cities, m denotes the number of evaluation indicators, P, denotes the
proportion of the j -th indicator for the i-th city in the corresponding indicator, x; denotes the non-negatively
shifted data, d; denotes the information utility value (i.e., redundancy) of the j -th indicator, and w, denotes the
weight coefficient of the j -th indicator.

2.3. Partial Least Squares Structural Equation Modeling (PLS-SEM)

Partial least squares structural equation modeling (PLS-SEM) is a multivariate statistical technique that
integrates principal component analysis, canonical correlation analysis, and ordinary least squares
regression(Cepeda-Carrion et al., 2019). Unlike traditional methods, PLS-SEM does not require strict assumptions
of multivariate normality, enabling researchers to simultaneously examine latent and observed variables.
Additionally, it effectively uncovers latent relationships among variables even in the presence of multicollinearity,
yielding more robust and reliable results. The PLS-SEM framework comprises two key components: the structural
model (inner model), which specifies the relationships among latent variables, and the measurement model (outer
model), which assesses the relationships between observed variables and their corresponding latent constructs.
The calculation formulas are presented as follows:

X =AE+6 (8)
Y=An+e 9)
n=Cn+T&+¢ (10)

In the equation, X and Y represent exogenous and endogenous indicators, respectively. A denotes the
relationship between observed variables and latent variables, while 9 and ¢ represent measurement errors. 7
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refers to an endogenous latent variable, ¢ represents an exogenous latent variable, € indicates the influence of
exogenous latent variables on endogenous latent variables, I' reflects the effect of some endogenous latent

variables on other endogenous latent variables, and ¢ signifies the regression residual (Wang et al., 2022).

3. RESEARCH AREA AND DATA SOURCES
3.1. Research Area and Assessment Framework

To analyze the spatial layout characteristics of urban underground space, this study defines the administrative
regions of China as the research scope and employs kernel density estimation to visualize the distribution patterns
of underground space points of interest (POIs). When assessing the development quality of urban underground
space, it is essential to consider its multidimensional nature, which encompasses rail transit infrastructure,
administrative governance, and underground space resilience. Given the current strong reliance on rail transit in
underground space development and construction, the selected cities must possess comprehensive datasets for all
required evaluation indicators. Considering both data integrity and accessibility, this study selects 22 cities from
the 58 Chinese cities that have operational rail transit systems. The selected sample includes 9 super-large cities,
10 large cities, and 3 Type-I medium-sized cities (Table 1), representing three distinct levels of urban scale. These
cities were chosen due to their early initiation of underground space development, the existence of formal
underground space-related laws and regulations, and the overall suitability of their development contexts for
quality evaluation.

Table 1. Basic information of 22 sample cities.

The underground space City City Rail transit Permanent Per capita
cluster to which it belongs classification mileage resident GDP (ten
(km) population thousand
density yuan)
(persons/km?)
Beijing-Tianjin-Hebei Urban Beijing Hyper-city 897 1332 20,02
Agglomeration Tianjin Hyper-city 334,92 1140 12,27
Hebei Type-I large city 74,28 710 7,29
Shandong Peninsula Urban Jinan Megacity 96,7 921 13,52
Agglomeration Qingdao Megacity 352,1 918 15,2
Central Plains Urban Zhengzhou Megacity 415,55 1719 10,47
Agglomeration Xian Megacity 422,21 1295 9,18
Yangtze River Mid-Reach Wuhan Hyper-city 518 1622 14,53
Urban Agglomeration Changsha Megacity 236,35 898 14,38
Yangtze River Delta Urban Shanghai Hyper-city 896 3923 18,98
Agglomeration Suzhou Megacity 350 1479 19,03
Wuxi Type-I large city 143,93 1619 20,62
Nanjing Megacity 484 1449 18,24
Hangzhou Hyper-city 516 743 16,02
Chengdu-Chongging Dual- Chengdu Hyper-city 633,3 1493 10,31
city Economic Circle Chongging Hyper-city 575 387 10,09
Guangdong-Hong Kong- Shenzhen Hyper-city 595,1 8906 19,45
Macao Greater Bay Area Guangzhou Hyper-city 705.1 2532 16,12
Foshan Megacity 150 2532 13,81
Guangdong-Fujian-Zhejiang Xiamen Type-I large city 98,4 3135 15,14
Coastal Urban
Agglomeration
Liaozhongnan Urban Dalian Megacity 237 599 11,61
Agglomeration Shenyang Megacity 188 1799 8,82

Based on existing literature and prior research on urban underground space development, this paper establishes
four first-level indicator dimensions: rail transit, underground space construction, underground space resilience,
and social development. Rail transit (RT) reflects a city’ s capacity to integrate rail lines within its underground
space, the proportion of public transportation borne by rail transit, and the degree of alignment between rail transit
networks and job-residence spatial patterns. Underground space construction (USC) indicates the level of
underground development through indicators such as functional diversity, the rate of infrastructure
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undergroundization, and facility clustering. Underground space resilience (USR) measures the system’ s
adaptability in policy, economic, and institutional dimensions, using indicators including the number of relevant
laws and regulations, GDP per unit area of underground space, and the proportion of investment in science,
technology, and education relative to GDP. Social development (SD) captures foundational driving factors for
high-quality underground space development, including demand for underground space utilization, economic
feasibility, and overall societal development levels. A total of 15 indicators were selected to construct the

evaluation framework for urban underground space development quality (Table 2).

Table 2. Evaluation Framework for Urban Underground Space Development Quality.

Overall First-Level Second-Level Indicator Description Weight | Indicator
Goal Indicators Indicators (%) Attribute
Urban Rari Transit Integration Average Integration Degree of Rail 3,75 +

Underground (RT) degree Transit Lines
Space Orbital Proportion of 800-Meter Rail Transit 4,37 +
Development coverage Coverage for Commuting
Quality Rail Rail Transit Passenger Volume as a 3,66 +
(UUSDQ) transit Share of Total Public Transport Volume
passenger
share
Commuting Proportion of Rail Transit Service 2,66 +
accessibility Capacity within a 45-Minute Travel Time
Underground Static Underground Parking Lot Ratio (Share of 5,48 +
Space transportation Total Parking Lots)
Construction infrastructure
(USC) Underground Urban Underground Space POI Density 8,09 +
facility Ratio (Share of Total POIs)
utilization
rate
Functional Functional Diversity Index of 3,06 +
diversity Underground Facilities in Urban Built-
index Up Areas
Underground Optimal Agglomeration Scale from 6,53 +
facility Multi-Distance Spatial Clustering
agglomeration Analysis
level
Underground Policy Number of Enacted Laws and 7,19 +
Space resilience Regulations on Underground Space
Resilience Economic GDP per Unit Administrative Area 17,00 +
(USR) resilience
Institutional Scientific Research and Education 9,48 +
and Investment as a Share of Regional GDP
organizational
resilience
Society Population Population Density Based on Permanent 13,48 +
Development density Residents and Urban Administrative
(SD) Area
Nighttime Annual Average Nighttime Light 5,04 +
light Intensity
intensity
Economic Per Capita Regional GDP (Regional GDP 5,26 +
development Divided by Permanent Resident
level Population)
Urbanization Urban Population Proportion in Total 4,95 +
rate Population

3.2. Data Source

The vector map of urban administrative districts was obtained from Tianditu (www.tianditu.gov.cn); road
network data were sourced from OpenStreetMap (www.openstreetmap.org); rail transit commuting proportions
and related data were derived from the Commuting Monitoring Report of Major Chinese Cities; per capita GDP,
legal regulations, and other relevant data were collected from municipal statistical yearbooks and official
government websites; nighttime light data were provided by the Earth Observation Group
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(https://payneinstitute.mines.edu/eog/); POI (Point of Interest) and additional datasets were extracted from Amaps
(www.amap.com). All data are valid as of April 2025.

4. RESULTS
4.1. Spatial Analysis Results

4.1.1. Urban underground space development in China exhibits a spatial pattern characterized by
""four centers, four clusters, three axes, and multiple points™.

Currently, the development pattern of urban underground space in China exhibits a structure characterized as
"four centers, four clusters, three axes, and multiple points." Along the three major urban development axes—
coastal regions, the Yangtze River corridor, and the Beijing-Guangzhou line—four key underground space
development centers have emerged: the Beijing-Tianjin-Hebei urban agglomeration, the Yangtze River Delta
urban agglomeration, the Guangdong-Hong Kong-Macao Greater Bay Area, and the Chengdu-Chongging dual-
city urban agglomeration. These regions represent critical zones for realizing compact and intensive development
through functional integration and three-dimensional urban planning in the new era. Moreover, they constitute the
leading force driving high-quality underground space development nationwide. In addition, various underground
space development clusters have formed around central cities of different scales, including the coastal urban
agglomerations of Guangdong-Fujian-Zhejiang, the Shandong Peninsula urban agglomeration, the Central Plains
urban agglomeration, and the Yangtze River Mid-reach urban agglomeration. In these areas, underground space
development is notably more advanced in the core cities of each urban cluster. Furthermore, in provinces such as
Liaoning, Guizhou, and Guangxi, as underground space utilization expands in both scale and sophistication,
distinct regional nodes with significant development have gradually taken shape.

Kernel density analysis of underground facility POlIs at a clustering scale of 28 km reveals that most regions
exhibit relatively low kernel density values, generally below 0,101. The range of high-density areas falls between
2,22 and 25,716, highlighting substantial disparities in the extent of underground space development and
utilization across cities. Spatially, the concentration of underground facilities declines progressively from the
eastern coastal regions toward the central and western parts of the country. Provincial capitals and administrative
centers demonstrate higher levels of clustering compared to other cities. Moreover, cities with well-developed
underground infrastructure exert a radiating influence on surrounding areas. For example, large-scale underground
space development centers have formed in metropolitan regions such as the Yangtze River Delta and the Beijing-
Tianjin-Hebei urban agglomeration. In contrast, regions in western and northern China—including Xinjiang, Tibet,
Qinghai, and Inner Mongolia—show relatively limited underground space development, with facilities remaining
spatially fragmented and dispersed (Figure 1).
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Figure 1. Development Patterns and Spatial Layout Characteristics of Urban Underground Space in China.

The development and construction costs of urban underground space are approximately two to three times
higher than those of surface buildings, necessitating substantial financial investment and advanced technological
support. Among various underground facilities, the underground rail transit system occupies a central position due
to its strong capacity for alleviating urban traffic congestion, efficient use of land resources, and critical role in
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advancing sustainable urban development. A superimposed analysis of nuclear density, metro lines, and GDP data
for underground space facilities in major Chinese cities reveals a high degree of spatial consistency between
underground infrastructure distribution and metro line layouts. This indicates that the planning and layout of
underground rail transit systems significantly influence the spatial distribution of underground facilities.
Furthermore, the spatial pattern of underground space facilities demonstrates a concentric decline from the city
center outward, closely reflecting the agglomeration characteristics of urban economic activities and the spatial
structure of urban development. There is also a clear positive correlation between urban GDP levels and the density
of underground space facilities—cities with stronger economies can afford higher development costs and adopt
more advanced technologies, resulting in a more concentrated and extensive underground facility network (Figure
2).
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Figure 2. Overlay Analysis of Underground Space Agglomeration, Subway Networks, and GDP.

4.1.2. The development centers of urban underground space exhibit significant agglomeration
characteristics.

Urban underground facilities were aggregated at the street level as the basic spatial unit for nuclear density
calculation, followed by spatial autocorrelation analysis. The global Moran’s Index ranges from -1 to 1, where an
absolute value closer to 1 indicates stronger spatial correlation within the system. A positive value reflects positive
spatial autocorrelation, while a negative value suggests negative autocorrelation. The results show that the global
Moran’s Index for urban underground space in China is 0,301, with a Z-score of 176,645 and a statistically
significant p-value of 0,000. This confirms the presence of significant positive spatial agglomeration in the
distribution of underground space across Chinese cities.

According to the local Moran's Index (Figure 3), high - high clustering types are relatively rare, whereas low -
low clustering dominates the spatial pattern. However, small-scale high - high clusters have formed around each
"underground space development center," surrounded by larger low - high clustering zones. As shown in the local
Moran's scatter plot (Figure 4), although the number of low - low clusters (3.384) far exceeds that of high - high
clusters (635) , the low - low clusters in the third quadrant are distributed closer to the origin, indicating both
the cluster and its neighboring areas exhibit nuclear density values significantly below the average. This implies
weak spatial autocorrelation among low-density regions—despite their wide distribution, these areas remain
scattered and do not form strong spatial agglomeration. In contrast, high - high clusters in the first quadrant are
more widely dispersed with higher local Moran's Index values. These clusters, concentrated around the

“underground space development centers,” not only exhibit higher internal density but also effectively stimulate
the development of surrounding underground infrastructure, leading to the formation of multiple low - high
clustering development belts. This further demonstrates stronger spatial autocorrelation among high - high
clustering areas.
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Figure 4. Scatter plot of local Moran's I.

4.2.  Assessment of Development Quality

4.2.1. Classification of Evaluation Outcomes

The UUSDQ was assessed across 22 cities (Figure 5). Among them, Shenzhen achieved the highest score of
0,748, while Shijiazhuang scored the lowest at 0,143. The average development quality index was 0,334, with a
difference of more than 0,605 between the highest and lowest scores, indicating substantial inter-city disparities
in underground space development quality. To better reflect these differences, the comprehensive evaluation
scores were categorized using one standard deviation as the classification criterion. Accordingly, the UUSDQ was
classified into four levels: high (0,469-0,748), relatively high (0,334-0,469), medium (0,197-0,334), and
relatively low (0-0,197). Analysis reveals that Shenzhen and Shanghai fall into the high-quality category; seven
cities, including Beijing and Guangzhou, are classified as relatively high quality; eleven cities, such as Xi’an and

Wuxi, fall into the medium-quality group; and Dalian and Jinan are categorized as having relatively low
development quality.
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Figure 5. Assessment Results of Urban Underground Space Development Quality.

4.2.2.  Analysis of Weighting Factors

As illustrated by the index weights and evaluation scores across each dimension (Figure 6), among the first-
level indicators, USR (33,67%) and SD (28,73%) carry the highest weights, and their respective scores contribute
significantly to the overall evaluation score. These two dimensions thus represent the most influential factors in
determining the quality of urban underground space development. Within the SD dimension, permanent resident
population density and urbanization rate reflect the actual demand for underground space development, whereas
per capita GDP and nighttime light intensity directly indicate a city's investment capacity and economic strength
in this domain. Consequently, the SD dimension holds a substantial weight in the overall assessment. In the USR
dimension, laws and regulations, GDP per unit area, and the proportion of investment in scientific research and
education exert significant influence across multiple stages, including planning approaches, construction scope,
and developmental direction.

Among the second-level indicators, economic resilience within the USR dimension and population density
within the social development dimension exhibit the highest individual weights, at 17,00% and 13,48%,
respectively.
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Figure 6. First-Level Indicator Scores for Urban Underground Space Development Quality.
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4.3.  Driving Force Analysis Using the PLS-SEM Model

4.3.1. PLS-SEM Model Development

Although the comprehensive evaluation based on the entropy method revealed differences in UUSDQ scores
among cities and highlighted the contribution of key indicators, the use of static weights limited the ability to
interpret the dynamic interactions among dimensions. Therefore, this study further employed PLS-SEM to
investigate the mechanisms and internal influence paths of each indicator on urban underground space
development quality. Data were imported into SmartPLS 4 software, with RT, USC, USR, and SD defined as
latent variables and the 15 second-level indicators serving as observed variables. After processing through the
PLS-SEM algorithm, the observed variable "policy resilience," which exhibited a negative outer loading, was
removed, leading to the construction of the final PLS-SEM model for underground space development quality.

The significance of the model paths and potential multicollinearity were assessed using the bootstrap method
(5.000 resamples) and variance inflation factor (VIF) values, respectively. The results indicated that the highest
VIF value across all observed variables was 3,445, suggesting no significant multicollinearity issues within the
dataset. In the structural model, all path coefficients between latent variables showed p-values less than 0,05,
confirming statistical significance (Table 3).

Table 3. Path Analysis of the PLS-SEM Model.

Path Original sample Standard deviation T statistics P value
USC—UUSDQ 0,221 0,109 2,020 0,043*
USR—UUSDQ 0,431 0,128 3,358 0,001***

SD—UUSDQ 0,362 0,112 3,222 0,001***

RT—UUSDQ 0,190 0,087 2,186 0,029*
SD—USR 0,818 0,039 21,011 0,000***
RT—-USC 0,555 0,096 5,791 0,000***

Note: "p<0,05, *"p<0,001

4.3.2. Results and Analysis of Model Operation

In the PLS-SEM model results, the path values between observed variables and latent variables represent the
factor loadings of the observed variables, where the magnitude indicates their explanatory power on the
corresponding latent variables. The path values between latent variables are referred to as path coefficients (g),
which reflect the strength of the causal relationships among latent variables. The values within the circles
associated with each latent variable represent the coefficient of determination (R2), indicating the proportion of
variance in a given latent variable explained by other latent variables in the model. A higher R2 value suggests
stronger explanatory and predictive power of the model (Figure 7). Specifically, the R2 value for the latent variable
"UUSDQ" is 0,984, meaning that RT, USC, USR, and SD collectively explain 98,4% of its variance, demonstrating
that the model has strong explanatory capability.

57



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

. . , ) - Institutional and Economic L R e Population
Policy m:lmn;c\kumnmm resilience or%gsilﬁ‘ea:wlc‘:)émnl d:vt{éﬁgr]ncnl Urbanization rate 'Eml!;:;u‘(b density
0.194 0-9‘05 0.774 0751 O 89\7 cy)m 0864
USR § i3 ¢—— 0.818 (0.000) ——————— SD

Rail transit
passenger share

Static transportation e
nfasruce 0879
0819 _ " Onbital coverage

Ljndlcrgmm:_d fn]nilil]y‘g_Mg_ 0308 T :Eszj

aj lomeration level

= 408287 2 "“ "™ Integration degree
Und d facilit

] Usc RT

0.221 (0.043)

0.431 (0.001) 0.362 (0.001)

0.555 (0.000)

0232

Commuting
0.190 (0.029) accessibility

UuUSDQ

Figure 7. Results of the PLS-SEM Model Operation.

All four dimensions exert a significant positive driving effect on the UUSDQ. Among the direct effect paths
influencing this development quality, USR demonstrates the strongest impact ( g = 0,431). The legal framework
governing underground space, per capita GDP, and the proportion of investment in science, technology, and
education directly enhance the stability of underground resilience from policy, economic, and institutional
perspectives, thereby influencing the overall development quality of urban underground space. Thus, USR serves
as the key driving force. Additionally, SD also exerts a relatively strong influence ( 8 = 0,329). Indicators such as
per capita GDP, urbanization rate, nighttime light intensity, and permanent resident population density are closely
associated with the economic capacity for investment and the demand for underground space, making them
important determinants of UUSDQ.

Among all direct effect paths, the path coefficient between SD and USR is the highest ( 4 = 0,818), indicating
a highly significant positive relationship. The comprehensive development level of cities or regions significantly
enhances the risk response capability of underground space systems—such as their ability to cope with disasters
and resource shortages. In other words, the accumulation of social resources strongly supports the systematic
construction of underground space. Infrastructure investment and facility undergroundization driven by SD
directly reinforce the resilience of underground space, highlighting its role as a critical driver. Moreover, the path
coefficient for “RT — USC” is also substantial ( 4 = 0,555), suggesting a significant positive correlation. The
completeness and operational efficiency of urban rail transit systems strongly promote the efficiency of
underground space development, reflecting a high degree of synergy between transportation infrastructure and
underground space utilization.

Among the indirect effect paths, only the path “SD — USR — UUSDQ” has a statistically significant P value
(0,002), with an indirect effect of 0.352. Notably, the direct effect of SD on USR ( g = 0,818) is significantly
stronger than that of USR on UUSDQ ( g = 0,431), indicating that SD constitutes a more fundamental driving
factor. According to the mediation effect test method(Wen et al., 2004), USR functions as a mediator within this
path. This implies that SD not only directly influences the UUSDQ but also indirectly affects it through the
mediating variable of USR.

5. DISCUSSION
5.1.  Discussion on Spatial Analysis

The overall density of underground space in Chinese cities remains relatively low, and its spatial distribution
exhibits a clear "core-periphery" pattern. In major development centers such as the Beijing-Tianjin-Hebei region

and the Yangtze River Delta, underground space density is significantly higher, displaying a high-high clustering
pattern. These regions not only serve as China's key economic growth poles but also feature high GDP levels and
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population densities, which provide a solid economic foundation and strong market demand for underground space
development. In concentrated development zones and key nodes—such as the Shandong Peninsula urban
agglomeration (Jinan, Qingdao), the Central Yangtze River urban agglomeration (Wuhan, Changsha), and the
Liaozhongnan urban agglomeration (Shenyang)—underground space development primarily depends on
provincial capitals, administrative centers, and prefectural-level cities, leading to the formation of smaller-scale
underground clusters. Collectively, these areas constitute the "core areas" of urban underground space in China.

In contrast, the "peripheral areas” surrounding the core regions exhibit lower underground space density,
predominantly characterized by low-low clustering. Moreover, the development cost of underground space is
relatively high, and its utilization heavily relies on surface infrastructure and urban development. Consequently,
despite the large number of low-low clustered zones in these peripheral regions, systematic underground clusters
and interconnected networks have yet to emerge due to limitations in development maturity and regional economic
capacity. At present, China's macro-level policies on underground space prioritize the advancement of regions
with existing advantages in this domain. The focus of underground facility construction lies in comprehensive
utility tunnels (The State Council of the People's Republic of China, 2024) and consumption-oriented facilities(
The State Council of the People's Republic of China, 2025), further enhancing the development level and spatial
concentration of underground space in the core areas.

5.2.  Discussion on Development Quality Assessment

The evaluation system assesses the quality of urban underground space development by integrating the actual
usage efficiency of underground facilities with the level of social development. For example, the indicator "railway
coverage" is defined as the proportion of commuting population in central urban areas whose residences and
workplaces are both located within 800 meters of a rail transit station. Similarly, the "institutional and
organizational resilience” indicator under the underground space resilience dimension is measured by the
proportion of investment in science, technology, and education relative to regional GDP. These indicators strictly
follow the established criteria for constructing the urban underground space development quality index. Within
each of the four quality tiers, spatial disparities among cities are relatively small; however, the gap between the
high-quality tier and the relatively high-quality tier is substantial.

Among high-quality cities, Shenzhen demonstrates outstanding performance across RT, USR, and SD
dimensions, while Shanghai also ranks highly across all indicators. As a result, both cities are classified as high-
quality and significantly outperform other megacities and large cities such as Shijiazhuang and Jinan. In the
relatively high-quality group, the overall development quality is constrained by low scores in specific dimensions.
For instance, Suzhou ranks 13th in USR, and Xiamen ranks 17th in RT performance. In medium- and lower-quality
cities, most indicators score at or below average levels, resulting in an overall lower development quality.
Nevertheless, some cities exhibit strengths in certain dimensions—for example, Qingdao ranks 4th in USR, and
Suzhou ranks 5th in SD.

According to the entropy method, higher indicator weights indicate greater informational content (Luo et al.,
2023), which reflects larger inter-city differences in underground space development quality. USR and SD carry
the highest weights at 33,67% and 28,73%, respectively. Economic resilience and population factors rank first and
second among individual indicators, with weights of 17,00% and 13,48%. Considering the meanings of these two
factors, Shenzhen and Shanghai had population densities of 8.906 people/km? and 3.923 people/km?, respectively,
and economic resilience values of 17,32 billion yuan/km* and 7,44 billion yuan/km? by the end of 2024. These
figures highlight the significantly higher demand for underground space and stronger regional economic support
capabilities in these two cities compared to others, contributing to their superior performance on key indicators.

5.3.  Discussion on Driving Forces and Mechanisms

The PLS-SEM model reveals that underground space resilience exerts the strongest direct positive influence
on the quality of underground space development among all latent variables. This finding aligns with its
corresponding maximum weight value in the evaluation system. As reflected by its observed indicators,
underground space resilience primarily captures the system’s capacity to respond to risks and the ability of local
governments to provide administrative guidance and intervention in the planning, construction, and management
of underground space. Given the highly irreversible nature of underground development, enhanced resilience,
forward-looking planning, and supportive legal frameworks are essential for promoting sustainable and healthy
development. Therefore, underground space resilience influences development quality through multiple
dimensions, including risk mitigation, technological advancement, and strategic planning.

In terms of direct effects, SD demonstrates the most substantial impact on underground space resilience, with
a path coefficient of 0,818. This indicates a strong positive relationship between SD and USR. The observed
variables associated with this latent construct reflect fundamental factors such as underground space demand,
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urban supply capacity, and the extent of infrastructure undergroundization. These factors not only directly shape
the overall quality of underground space development from a supply-demand perspective but also rely on
underground space resilience as a mediating mechanism to amplify their positive influence. Specifically, the
indirect effect path—SD — USR — UUSDQ—demonstrates that SD can drive improvements in underground
space quality at a foundational level. The resulting demand and construction activities necessitate both proactive
and effective governance from local authorities, as well as the mediating role of underground space resilience.

6. CONCLUSION

This study selected 15 evaluation indicators and applied a combined weighting method to assess the quality of
underground space development across 22 Chinese cities. The assessment was conducted from four dimensions:
RT, USC, USR, and SD. Furthermore, the PLS-SEM model was employed to explore the driving forces and their
underlying paths influencing urban underground space development quality. The following conclusions were
drawn:

(1) The spatial distribution of underground space in Chinese cities exhibits an overall pattern characterized as
"four centers, four clusters, three axes, and multiple points." The degree of agglomeration is higher in eastern
coastal regions compared to central and western regions, and provincial capitals and municipalities show greater
facility concentration than other cities. A significant positive spatial autocorrelation exists in the distribution of
underground space. While low-low clustering areas are more widespread, high-high clustering areas are
concentrated around key development centers and clustered zones.

(2) Shenzhen achieves the highest score (0,748) for UUSDQ and outperforms other cities in RT, USR, and SD.
Although inter-city differences within each quality tier are relatively small, substantial gaps exist between tiers. In
the evaluation system, USR is identified as the most influential dimension, with a weight of 33,67%. Economic
resilience ranks as the most impactful single indicator, carrying a weight of 17,00%.

(3) RT, USC, USR, and SD all exert positive driving effects on underground space quality. Among these, USR
demonstrates the strongest direct effect, with a path coefficient of 0.431. Moreover, it plays a mediating role in the
indirect path “SD — USR — UUSDQ,” which has an indirect effect coefficient of 0.352. This provides a novel
causal explanation for the determinants of underground space quality.

(4) To enhance underground space development, it is essential to improve management mechanisms and
increase government decision-making efficiency, guided by social development-led supply-side reforms.
Coordination among planning, administrative approval, and regulatory departments should be strengthened to
optimize a government-led, multi-stakeholder public service delivery model that integrates market and social
resources. Increasing investment in science, technology, and education can facilitate the transformation of research
outcomes into improvements in underground space quality. Additionally, development strategies should prioritize
people’ s needs, allocating underground functions based on population density gradients. In highly urbanized
cities, integrating underground space into 15-minute living circle standards or broader regional frameworks can
promote the equitable expansion of underground infrastructure.

(5) Cities with high-quality underground space development should consolidate existing strengths while
addressing weaker dimensions to achieve comprehensive improvement. For instance, Suzhou and Xiamen exhibit
relatively low integration and commuting coverage levels within their tier and should focus on enhancing rail
transit efficiency and strengthening its support for residential and employment spaces. Xi’ an and Hangzhou could
establish dedicated underground space R&D funds to accelerate the industrialization of patented technologies,
thereby transforming regional economic innovation into enhanced underground resilience.

(6) For cities with medium- and low-quality development, it is crucial to identify both advantages and
weaknesses and implement targeted interventions. Qingdao, despite having a robust legal framework for
underground space, suffers from low rail line integration and limited underground facilities. Therefore,
constructing commercial and cultural complexes centered on transportation hubs, linking fragmented rail lines,
and developing integrated mountain-sea-city transfer systems are recommended. Tianjin demonstrates strong
scientific investment (3.33%) and high urbanization rates (>85%), but lags in underground parking and facility
penetration. Enhancing vertical development in high-density zones and establishing functional coupling
mechanisms across vertical layers can help address this imbalance. Chongging shows moderate rail transit
coverage (20% for commuting populations) but lacks sufficient legal frameworks and economic strength.
Strengthening its economic foundation and configuring underground facilities according to population density and
development intensity gradients, along with incorporating underground planning into general urban plans, would
support sustainable growth.

All 22 cities analyzed in this study have rail transit coverage. During indicator selection and PLS-SEM model
construction, rail transit factors were adequately considered. When applying this model to cities without rail transit
or expanding the scope of analysis, alternative data sources such as bus card swiping records or ride-hailing GPS
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density within underground facility coverage areas can be used to maintain model applicability across diverse
regions.
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RESEARCH ON THE IDEAS AND CHALLENGES OF CREATING A WALKABLE
PEDESTRIAN NETWORK BY UTILIZING UNDERGROUND SPACE

Daisuke FUKUMOTO?, Sadayasu AONO?, Kentaro HAYASHI?, Takeshi HIROSE*, Kazuya
MASUYAMAS

Abstract: In recent years, urban development plans have been underway around the world to make it easier for pedestrians to
get around by creating and networking walkable spaces that prioritize pedestrians. In such plans, there are many cases where
underground space is effectively utilized. There are two types of underground utilization methods. The first method is to
relocate functions for non-pedestrian transportation such as cars and trains underground and reorganize the above-ground area
as a safe, secure, and comfortable walking space. The second method is to create an attractive underground walking space by
taking advantage of the advantage of underground space, which is not easily affected by weather and temperature, and by
addressing the problems of underground spaces where it is dark and where it is difficult to distinguish between locations. In
this study, we focus on examples of effective use of underground space in forming walkable spatial networks, classify and
analyze the characteristics of usage methods, and consider ideas and issues in urban development planning.

Keywords: walkable pedestrian network, urban development

1. INTRODUCTION

In Japan, the population is decreasing, and the population is aging, making it difficult to maintain and manage
social infrastructure. On the other hand, values such as emphasis on work-life balance are diversifying, and there
is a need to improve the attractiveness of cities. Considering this situation, the Ministry of Land, Infrastructure,
Transport and Tourism is considering urban development that promotes urban, economic, and social diversity and
creates added value. At that time, "WEDO" (Walkable, Eyelevel, Diversity, Open) was proposed as a keyword to
describe the new urban image.

Therefore, in collaboration with private investment, we aim to realize a rich, human-centered lifestyle, create
new value through innovation, and resolve regional issues. We are transforming public and private spaces into
human-centered, easy-to-walk spaces, and promoting initiatives to create cities that are "comfortable and inviting
to walk" where diverse human resources can gather and interact. To further promote these efforts, there are an
increasing number of cases in which underground space is being effectively utilized.

This research focuses on the concept and issues of an easy-to-walk pedestrian network that utilizes underground
space and aims to obtain suggestions for future urban development based on its characteristics and effects.
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2. CASESTUDY

There are many examples of creating easy-to-walk spaces that prioritize pedestrians and making effective use
of underground spaces. There are two types of underground usage methods. The first method is to relocate
functions that were previously above ground underground, making it possible to walk on the ground safely,
securely, and comfortably. The second method is to create a pedestrian network that is less affected by weather
and temperature by making the underground space itself easier to walk through.

2.1. Relocation of functions from aboveground to underground

First, we focus on the functions that are transferred from aboveground to underground and classify them into
three types. It is expected that these will solve the problems that existed on the ground and make it possible to
walk on the ground safely, securely, and comfortably. Table 1 shows the correspondence between each case.

Table 1. Classification focusing on the type of functions that go underground

Functions relocated from Effect on the ground case study
above ground to underground
. . Soseigawa Avenue
Car Route Creation of water-friendly green space (Sapporo City)
Railwa Eliminating traffic congestion and urban Keio Line
Y division caused by railroad crossings (Chofu Station)
. Reducing congestion on the ground by Bus Terminal Tokyo Yaesu
Bus Terminal .
buses and passengers (Tokyo Station)

2.1.1. Example of relocating a car route underground (Sapporo City)

Soseigawa Avenue in Sapporo City used to be an eight-lane road, but four of those lanes have been moved
underground, and there are several underground passages. At this time, a water-friendly green space was created
above the newly relocated underground vehicle running space. This created a plaza space that served as a place
for local activities and interaction and was used by a diverse range of people. In addition, by creating a space where
people can walk comfortably, it has become possible to create a lively town.

Looking at the activities in the ground area after the relocation, the most frequent visits were for purposes such
as walking and resting, and nearly half of the people stayed for more than 30 minutes. This is thought to be because
more people spend time in the well-maintained plaza rather than using the surrounding facilities as their destination,
and it is believed that this has the effect of creating a lively atmosphere.

After Relocation

Figure 1. Before and after relocating car routes underground
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Before
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Abolition of car Creation of a water- Abolition of car
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Figure 2. Areas that changed before and after relocation

m Have a meal
= Play
W Sightseeing

W Strolling around

» Break/rest

W Events etc.
W Passing/passing only
# Nothing in particular

Others

Purpose of visit

Figure 3. Status of above-ground activities after relocation

2.1.2. Example of relocating a railway underground (Keio Line, Chofu Station)

The railway (Keio Line) that ran above ground caused traffic jams at railroad crossings and divided the city.
This is an example of how moving underground railways can alleviate traffic congestion and make cities more
continuous. As a result, the plaza in front of Chofu Station has been upgraded above ground, and its function as a
transportation hub has been strengthened by connecting multiple transportation systems. In addition, a plaza that
can be used for multiple purposes has been developed, and events are held here, making the town more lively.

Before Relocation | After Relocation

Figure 4. Before and after relocating a railway underground
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Figure 5. Comparison of maximum length of traffic jams

2.1.3. Example of relocating a bus terminal underground (Bus Terminal Tokyo Yaesu, Tokyo Station)

In the Yaesu area near Tokyo Station, bus stops are scattered over a wide area, and the surrounding roads were
crowded with buses and passengers. In response to this, an underground bus terminal was constructed in
conjunction with large-scale redevelopment to improve convenience for buses and passengers. This eased
congestion on the ground and created a comfortable and safe space for pedestrians.

The functions of the bus terminal include a ticketing counter and information desk on the first basement floor,
and bus stops on the second basement floor. The above-ground area has become a comfortable space for
pedestrians, allowing access to the adjacent underground mall.

- I DR—
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' Bus drop off | 5
. J area VT

o
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Area to board

Parking lot A, : Z' Many bus stops were _.-
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Figure 7. Flow lines and stay space at the underground bus terminal
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2.2. ldeas for making underground spaces a comfortable walking space

We have summarized the possibilities of making underground walking more enjoyable and comfortable by
creating a device that serves as a sign so that people walking underground do not lose their direction or location,
a device that allows them to grasp their positional relationship with the above-ground space, and a device that
encourages various activities such as not only walking but also staying.

Table 2. Ideas and expected effects for underground walking space

Ideas for underground

walking space Expected effects in underground space

®  Signs to prevent people walking underground from losing their
direction or location
Lighting from above ground | ®  Understand the positional relationship with the ground
Utilization at events etc. ®  Encourage various activities such as staying in addition to walking.

Design at eye level

2.2.1. Design at eye level

When walking underground, it can be difficult to locate where you are because the scenery remains the same
and there are few facilities or information that can serve as landmarks, so there are examples of creating spaces
that are easy to walk by creating landmark designs and placing facilities at eye level. For example, Fukuoka City's
Tenjin Underground Mall has been made easy to understand by installing unique lighting and designs, and at
Shinjuku Station, huge digital signage has been installed to create a space that can be used for meetings.

Figure 8. Unique lighting design (left figure) and huge digital signage (right figure)
2.2.2. Lighting from above ground

The disadvantage of underground pedestrian spaces is that they tend to be dark, and it is difficult to determine
their position in relation to above-ground areas. Therefore, when creating an underground pedestrian space, in
addition to letting in light from above ground to make it brighter, there are also cases where large openings are
installed so that landmarks on the ground can be seen, the direction of sunlight can be seen, and pedestrians can
see their location on a map. For example, in Sapporo City, where there is a lot of snow, the underground area of
Ekimae-dori Avenue has been developed as a long linear walking space, with large openings arranged in
succession to make it easy to see the positional relationships. Furthermore, in Fukuoka City's Tenjin Underground
Mall, unique lighting and designs have been placed around the openings, making the space easier to locate.

Figure 9. Continuous arrangement of multiple openings (left figure) and uniquely designed openings (right figure)
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2.2.3. Utilization at events etc.

Underground spaces have the disadvantage that because they are closed spaces, few people stay there for long
periods of time, and they are often just spaces for walking. Therefore, by relaxing restrictions on the use of
underground spaces for events, etc., and clarifying the organization responsible for management, including
licensing, there are examples of creating diverse spaces that vary depending on the season, day of the week, and
time of day. For example, Sapporo City has established a specialized town development company, and Shizuoka
City is encouraging active use of its underground event space by renting it out free of charge. Through such
innovations, the basement is not just a space to walk through, but a space where you can stay and engage in a
variety of activities, leading to the creation of a fun and comfortable town.

Figure 10. Underground marche (left figure) and underground performance (right figure)

3. CONCLUSION

In this study, we confirmed that there are a wide variety of examples of creating walkable spaces that give
priority to pedestrians, and that there are especially many examples of effective use of underground spaces.
Therefore, we analyzed the usage of underground space by dividing it into two types: making the above ground a
walkable space and making the underground a walkable space. To make above-ground areas walkable, there is a
perspective of relocating functions that are not related to pedestrians, or functions that sometimes hinder safe and
comfortable walking underground, and we confirmed the effectiveness and development potential of this approach.
On the other hand, when creating an underground pedestrian space, it has the advantage of being less affected by
weather and temperature, but it also has the disadvantage of making it difficult to create an attractive space because
it gets dark and makes it difficult to understand the positional relationship, so it was confirmed that there are
various ways to maximize the function as a network for pedestrians.

In future urban development, we believe it will be important to create spaces that support a variety of activities,
such as not only walking, but staying, relaxing, and enjoying, by incorporating ways to proactively utilize
underground spaces, while sharing the functions of the entire region. To this end, it will be necessary to clarify the
concept of division of functions and the effects obtained by effectively utilizing underground space in the
"Guidelines for Underground Space Utilization in Cooperation with Urban Development™, which we are currently
aiming to introduce. For example, we should aim to be able to quantitatively evaluate the benefits of underground
projects, such as not only smoother roads by relieving traffic congestion, but also economic effects from promoting
a variety of activities and creating hustle and bustle. In the future, | would like to consider and propose indicators
for evaluating these and their calculation methods.
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RESERVOIRS OF ENERGY: A JOURNEY TOWARDS ENERGY AUTONOMY FOR NINE
UK EARTH-SHELTERED HOMES

Dr Jeremy Harrall', Daniel Kastner?, Alvaro Garcia3, Max Lee?

Abstract: This paper is a sequel publication to ACUUS 2023!, ‘Reservoirs of Heat: A defining characteristic of high thermal
mass earth-sheltered buildings.’

Featured below is an advanced analysis of the second case study of the former paper, the nine earth-sheltered homes known as
Howgate Close', in the Nottinghamshire village of Eakring.

Reviewed in this paper is the hypothesis, ‘“o what extent can energy autonomy be achieved in one of the naturally heated
Howgate earth-sheltered homes? . This evidence-based enquiry is essential in optimising built-in energy security for the future
building performance for the balance of eight Howgate homes.

Emerging from Howgate is the advent of a new building paradigm in the UK. One where the level of energy autonomy at
Howgate is delivering a net daily cash surplus for the home with a battery installed. As a consequence, there are no more energy
bills, relegating the threat fuel-poverty to a distant memory. This is a continuous process of ‘marginal gains .

What difference a battery makes?

Batteries in buildings, facilitate energy storage and can be thought of as ‘reservoirs of energy’.
This paper introduces in-use building performance data from a lbedroom earth-sheltered dwelling, pre-and-post battery
installation. Also discussed, are the wider-ranging impact batteries have in reducing the burden of energy bills.

After the first three years of occupation, the selected 1bed home has exceptionally low average daily total energy costs that are
less than 45pence/day (inclusive of Standing Charge). Before the battery install, the home consumed 7KWhrs/day imported
energy from the grid and exported 13.5KWhrs/day to the grid.

The next stage of Howgate Close’s development is the inclusion of energy storage facilities to all nine homes. However, the
first phase has been to install an 11KWhr BYD battery and a Fronius hybrid inverter to one of the 1bed dwellings. At the time
of submitting the full paper, sixteen weeks of in-use building performance data has been gathered. Results from 16.04.2025 to
13.08.2025 record in excess of 50% reduction in daily energy consumption from the grid compared to the same period in 2024.

This paper will add to the accumulating, independent, evidence-based research from the nine earth-sheltered homes of Howgate
Close. Additional empirical data is provided in support of the premise that, ‘high thermal mass buildings should be the building
form of choice in reducing heating/cooling loads together with concomitant energy costs.’

Keywords: residual heat reservoir, reservoir of energy, earth-sheltered building, energy storage facility, battery, zero heating,
thermal mass, passive solar design.
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1. INTRODUCTION

This is a sequel paper to ACUUS 2023V, ‘Reservoirs of Heat: A defining characteristic of high thermal mass
earth-sheltered buildings.’

Explored in this 2025 paper is the hypothesis:

‘To what extent can energy autonomy be achieved in one of the naturally heated Howgate earth-sheltered homes,
using an energy storage facility?”’

An evidential enquiry will inform future design decisions in the sizing of batteries and inverters to the balance of
the eight Howgate homes.

During the first three years of occupation prior to the installation of the first battery, all nine homes experienced
low to no heating load requirements. The building characteristic at Howgate responsible for stabilising internal air
temperatures was introduced in ACUUS 2023 by this author and is referred to as a ‘residual heat reservoir’. At
Howgate, it is this phenomenon, the presence of a body of heat energy retained within the superstructure, that has
been sufficient to sustain habitable internal air temperatures of 21C without resort to primary heating equipment.
A good starting point for the installation of an energy storage system.

Figure 1. 2023. Harrall Dr. J.: Southeast View, Howgate Close

2. BUILDING SPECIFICATION OF HOWGATE CLOSE (HC) [SEEFIGL]

Howgate Close (HC) is a post-hydrocarbon ready residential dwelling, conceived by Dr Chris Parsons, a second
generation Eakring Farmer and retired GP. Dr Parsons cited,

“Howgate Close was an opportunity to address some of society’s most pressing issues: rural housing shortages,
climate change, soil restoration, carbon sequestration, biodiversity, water management and community
cohesiveness.”

Howgate comprises, nine single storey earth-sheltered homes, 5no. 2beds (63m?) and 4no.1lbeds (41m?) with a
gross development floor area of 479m?2.

Location

Howgate Close is located at latitude 53° North, centrally located in the British Isles which straddles between the
mid-latitudes of 49°and 61°. The climatic conditions of these Isles are largely related to the influence of the Atlantic
Ocean, as such, experiences a temperate maritime climate. Encyclopaedia Britannica”' report, nowhere in the UK
is located more than 70miles from the coast.
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Figure 2. 2023. Extract of Howgate Close Energy Performance Certificate (EPC)

‘One-In-A-Million’

The selected building’s As-Built SAP (Standards Assessment Procedure) Rating is 143Avi, Of the 15million
registered EPC’s (Energy Performance Certificate) [5°¢ 71921 in the UK, Howgate’s’ SAP Ratings are ranked in the
top 0.01% of the country’s most energy efficient dwellings, better than one in a million.

Design Principles

The original project design was undertaken by the Hockerton Housing Project (HHP)Viil using the design principles
applied at HHP by its Architects, Professors Brenda and Robert Vale (The Vale’s).

These design principles were first published in The Vale’s, 1975 book, ‘The Autonomous House’, and
implemented at their former Southwell home, featured in their book ‘The New Autonomous House’. In 1991, this
was the first UK dwelling to export photovoltaic-generated renewable energy to the National Grid.

Dr Chris Parsons advanced the original construction specification engaging Dr J. Harrall elevating the 87A Design
SAP Rating to an As-Built 143A.

Intrinsic to Howgate’s performance is the utilisation of Passive Solar Design (PSD) principles; southerly
orientation, high thermal mass superstructure and a super-insulated building envelope, allied and enhanced with
triple glazing and roof mounted photovoltaics. Other differentiating construction specifications include; solid
external walls (no cavities) floating slab (no foundations) contiguous external insulated envelope (no cold
bridging) externally located window and door jambs (exceptional Psi values).

Post-Hydrocarbon Ready

The authors interpretation of a post-hydrocarbon era, is a time when societies primary fuel for heat and power is
not derived from oil, gas or coal. The authors concur with the opinion that, “The post-hydrocarbon era will not
appear suddenly. Gradual change and individual decisions will aggregate into wide structures beyond the scope
of the individual decisions.”™

Howgate Close demonstrates the traits of what a post-hydrocarbon neighbourhood could look like: energy
independence, autonomy over essential resources, on-site waste management, transitioning towards fossil-fuel-
free lifestyles and a strong community spirit. These homes are fossil-fuel-free in operation, generating a surplus of
energy, managing their own waste water on site with most homes experiencing low to no heating bills.

Building Performance Specification [ 56 F193]

At Howgate, stable internal air temperatures of 21°C (+/- 2°C) have been recorded over the first 30months of
occupation with little to no active heating.

Howgate’s building element specification, significantly out performs the UK Building Regulations ‘Notional
Building’ (See Table 1) Improvements in fabric heat transmittance (U-Values) are 28% for its walls (0.13W/m?2K)
38% for its floors (0.08W/m?2K) and 36% for the roofs (0.07W/m2K) The most significant improvement against
the Compliance Standards is Howgate’s Air Pressure Tests (APT) (0.67m*@50Pascals) 87% reduced fabric air
infiltration.

As-Built SAP calculations produced 143A(2bed) and 129A(1Bed) At HC, exceptionally low Air Pressure Tests
were achieved at HW, 0.33m3(h.m?) @50Pascals, lower than HW by 0.61m?3.
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Figure 3. 2025. Howgate Close Typical Cross Section

Residual Heat Reservoir

At Howgate, it is the combined elements of low thermal bridge junctions, contiguous insulated envelope and high
thermal mass superstructure, that optimise the buildings’ residual heat reservoir its retained body of heat energy
within the building fabric. At Howgate, an uninterrupted layer of 220mm (XPS, walls) to 300mm (EPS, roof and
floor) envelopes the building externally. Subsequently, sufficient heat is retained within the thermal mass to sustain
elevated internal air temperatures of circa 21°C.

Table 1. Howgate Close Fabric Performance Comparison With Notional Building

Minimum Standards for Fabric Performance ::itll;:zl H(‘)._.‘:_\:Ji‘:“ Diﬁ:fence
Part L 2013 Part L 2021 Part L 2021

External walls 0.3 w/m2k 0.26 w/m’k 0.18 w/m?k 0.13 w/m’k +28

Floors 0.25 w/m?k 0.18 w/m’k 0.13 w/m’k 0.08 w/m’k +38

Roofs 0.2 w/m?k 0.16 w/m’k 0.11 w/m’k 0.07 w/m’k +36

Windows 2 w/m2k 2.2 w/m2k 1.2 w/m?k 0.78 w/m?k +35

Doors 2 w/m%k 1.6 w/m%k 1.0 w/m?k 0.9 w/m?k +10
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Thermal Bridges [ 5¢¢ F1941

Thermal bridges (aka cold bridges) are thermally weak junctions with significantly higher heat transfer than
surrounding materials. These junctions form a bridge between inner and outer surfaces e.g. window jamb, where
paths of least resistance for heat transference, can result in up to 30% of total building heat loss As a consequence,
thermal bridges are at risk of internal surface condensation formation, potentially leading to mould growth,
presenting a health risk.

- EWIPRo Render Solution Silicone Render EWI-075
Verlfac Triple Glazed Window 0.8W/r?K
_ 230mm EPS EWI Store (SPI Styrene) 0.22W/m2K
140mm Plasmor Plascon 7N/nn? Concrete Block 0.86W/m?K
! Sponge Float Finished Silicone Render
J,

Figure 4. Window Jamb Detail At Howgate Close

Four principal categories of thermal bridge;

1) Repeating thermal bridges —regular interruptions in the building fabric e.g. brick mortar joints, wall ties
and studs;- U-Values

2) Linear (non-repeating) thermal bridges —gaps in the insulation layer e.g. windows and doors — Psi-
Values

3) Geometrical thermal bridges —meeting junctions different building elements e.g. external corners,
where the heat loss area is greater than the internal surface — Psi-Values

4) Point thermal bridges —single penetrations in the thermal envelope flues, fastenings, brackets,
stanchions — Chi-Values

Linear Thermal Transmittance

For the purposes of this paper, only linear and geometrical thermal bridges are calculated. The heat loss associated
with these thermal bridges is expressed as Linear Thermal Transmittance (W-value) — referred to as psi-value. At
Howgate Close, there are no repeating thermal bridges and negligible point thermal bridges. A lower Psi-value
indicates lower heat loss through a junction.

Calculated Psi-Values* for Howgate Close are compared to the UK Building Regulation ‘Notional Building’ (see
Table 1)*. The 'notional building specification' is a recipe approach that will ensure minimum compliance if all
standards are met.

Calculated perimeter heat loss from Howgate window and door frames, their average Linear Heat Transference
(Psi-Value) is 0.024W/m.K ¥ Heat transfer through Howgate’s bespoke window/door junction is half that of the
Notional Building compliance standard. Conversely, a building built to minimum Building Regulation standards,
loses twice as much heat from its window/door junctions compared to Howgate Close.
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Table 2: Comparison Table of Linear Heat Transference

Notional Building * Howgate Close Condensation Risk**
(Psi-Value (Psi-Value) (f-value)
W/m.K W/m.K 1 = Zero Risk
Window Jamb 0.05 0.023 0.935
Window Lintel 0.05 0.027 0.956
Window Cill 0.05 0.023 0.927
Roof/Wall 0.08 0.067 0.965
**f-Value: risk of condensation forming on internal surface when external temperature is 0°C and internal room temperature is 20°C
*Psi-Value: minimum building specification to ensure compliance with UK Building Regulation Standards
Calculation undertaken by MES www.mesbuildingsolutions.co.uk and commissioned by EWIPro www.ewipro.com

Surface Temperature, Mould growth and Health

Calculated as part of the Psi-Value calculation is the f-value. The f-value estimates the risk of surface mould
formation in a building. As the f-value approaches ‘1°, the calculated incident of internal surface condensation
formation at junctions reduces and with it, the risk of mould growth. For comparison, the Notional Building f-
value compliance threshold is 0.75. At Howgate, its window/door junction average f-value is 0.94. The risk of
internal surface condensation occurring on window/door junction detail at Howgate is reduced by 19% compared
to the compliance standards for Building Regulations.

Interstitial Condensation

Interstitial condensation can occur between building construction interface layers of roofs, walls and floors.
Persistent interstitial condensation within the building fabric can lead to degradation of materials, increased risk
of mould formation and a reduction in air quality.

At Howgate, its modified solid externally insulated wall, designs out the cavity wall and locates the insulation on
the external face of the solid block wall. A Condensation Risk Analysis* has evaluated the likelihood of interstitial
condensation in Howgate’s wall construction. These calculations demonstrate compliance with ‘UK Building
Regulation Part C’.

The analysis concluded that Howgate’s external wall detail, avoided critical surface moisture, with no danger of
mould growth. On the incidence of interstitial condensation, it concluded there was no risk of condensation
forming at any interface in any month.

Cost Inc. Tax (p) — Income Inc. Tax (p) (Export) Battery installation
| 16th April 2025

o

28/04/2024
09/06/2026

Figure 5. 2025. 14months of Octopus Bills at Howgate Close 1bed with a battery installed

3.  WHAT A DIFFERENCE A BATTERY MAKES [SEEFIG5]

Over the first three years of occupation, the selected 1bed home has recorded exceptionally low average daily total
energy costs that are less than 45pence/day (inclusive of Standing Charge)*". Before the battery install, the home’s
average daily consumption was 7KWhrs/day imported energy from the grid while exporting 13.5KWhrs/day to
the grid.
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The next stage of Howgate Close’s development is the inclusion of energy storage facilities to all nine homes.
However, the first phase has been to install an 11KWhr BYD battery and a Fronius hybrid inverter to one of the
1bed dwellings. At the time of submitting this paper, eight weeks of in-use building performance data has been
gathered. Results from 16.04.2025 to 15.06.2025 record in excess of 50% reduction in daily energy consumption
from the grid compared to the same period in 2024.

For the period from 12t July to 13" August 2025, 18KWhrs electricity were imported from the gridl S¢¢ Fi96]

(2.5kWhrs/day) and 298kWhrs (42kWhrs/day) were exported to the grid in the same period of timel Se¢ Fig7 1,
Comparing the data from the same period in 2024, 117kWhrs were imported from the grid and 480kWhrs exported
to the grid.

99kWhrs less imported, an 85% reduction in energy consumed from the grid and 190kwhrs less exported, a 38%
reduction in exported energy.

Despite the presence of the 11kWhr battery, the 1bed still imports energy from the grid on a daily basis. Peak
demand for energy occurs regular pattern from 7am for approximately an hour and again around 6pm for another
hour. These spikes in energy demand are understood to derive from the combined uses of the following electrical

appliances, a 9kW shower, 5kW oven, 3kW kettle and 2kW air fryer in addition to other devices e.g. computers,
TV, Smart Metre, router.

£18.33 @ KWh (£

ESTIMATED COST 1170001435181

1 6 12

f Intelligent Octopus Flux Import

0.5 4§ - -
O25| 3 -
£ - =

18 24

£10)

Figure 6. 12t July to 13t August 2025 Octopus Bill at Howgate Close 1bed with a battery installed
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o £67.20 @ kwh (£

ESTIMATED 1170001642010

30 1

f Intelligent Octopus Flux Export

Figure 7. 12 July to 13" August 2025. Octopus Export Income at Howgate Close for a 1bed with a battery installed

Energy Storage Installation [ S¢¢ F195]

On 16" April 2025, at a 1bed Howgate home, the existing Fronius Primo 4.6kW inverter was replaced with Gen24
Primo 4.5kW inverter and BYD HVM 11kWh battery.

From 16" April to 13" August 2025, the property has been 93% self-sufficient with 434kWh additional benefit
from battery storage and 72kWhrs drawn from the grid due to short periods of high loads.

B Consumption (kwh) M Export to grid (kwh)

(=]
28/04/2024 | ———

Figure 8. 2025. 14months of Octopus Energy imported and exported at Howgate Close 1bed with a battery installed

Over the first 120days of installation, over 1.58MWhrs of renewable energy generated from the roof mounted pv’s
was exported. 59% of the renewable energy generated was still exported despite the presence of the battery.

Data from July 2024 and 2025 shows higher generation in 2025, probably due to better insolation.
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Some Observations And Feedback

While the Howgate home is demonstrating an encouraging level of self-sufficiency over the first four months since
the battery installation, it is recognised the time line is 8weeks either side of the Summer Solstice, perhaps the
months of lowest heating load demand.

Peak energy demand, ‘spiking’, occurs from a few seconds to a couple of minutes. Recommendations to the tenants
are to consider higher efficiency appliances to reduce peak loading.

A full year of data in the current working mode would allow for an optimisation of PV, inverter and battery sizing.
This would be applicable to any country with similar insolation levels.

4. SUMMARY
What difference has the 11kWh battery installed at a 1bed earth-sheltered home at Howgate Close?

In the first four months of the battery installation there has been an 85% reduction in energy consumed from the
grid compared to the same period in 2024. Despite a 38% reduction in exporting energy, the revenue from Exported
Energy has increased due to the new Tariff in the presence of a battery.

This paper articulates how Howgate Close’s exceptional energy efficiency standards have delivered a low energy
demand that compares favourably to the UK Building Regulations ‘Notional Building’. In part due to the
consequential low daily energy demand, the installation of a 11kWhr battery has been transformational in reducing
reliance on the National Grid.

A further 8months of in-use building performance data will enable accurate sizing of inverters and batteries for
the balance of eight buildings at Howgate Close.

i Harrall. J. (2023). Reservoirs of Heat: A defining characteristic of high thermal mass earth-sheltered buildings.18~World
Conference of ACUUS: Advances in Underground Space Development. Singapore
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Abstract:

This paper investigates how financialization reshapes the city by transforming architecture and urbanism into instruments of
financial capital. Building on the concept of asset urbanism, it argues that urban space increasingly operates as an investment
vehicle rather than a collective good. The central question is straightforward: when buildings are treated primarily as financial
assets, what becomes of their capacity to provide housing, foster public life, and support environmental resilience? The paper
pursues three objectives.

First, it traces the financialization of urban space, showing how architecture is reconfigured into a financial asset. This means
examining the mechanisms that convert inherently illiquid real estate into liquid capital, giving rise to new morphological types
that act as spatial avatars of finance—most notably luxury mega-basements, commonly known as “iceberg homes.” From these
subterranean expansions to super-slender towers, this paper situates architectural form within the logics of finance capitalism.
It further considers the development of subterranean public spaces through the economic lens of housing market
financialization, shaped by capital flows, speculative investment, and liquidity tools.

Second, it documents the social outcomes of asset urbanism: increasing vacancy rates, the normalization of “zombie urbanism,”
and the growing disconnect between statistical density and actual habitation. Within this framework, subterranean mega-
projects are analyzed through the same logic as the iceberg phenomenon in luxury mansions. The contribution lies in reframing
iceberg urbanism not as an isolated curiosity, but as part of a broader urban condition in which civic facades conceal hidden
financial infrastructures. This perspective foregrounds the ethical dilemmas faced by architects, who must navigate between
the market imperatives of liquidity and their professional commitments to sustainability and social inclusion.

Third, the paper examines the opportunities and challenges posed by the iceberg phenomenon across global cities, situating it
within broader debates on urban inequality, speculative development, and the contested role of architecture in shaping
contemporary urban life. In doing so, it incorporates media accounts, regulatory conflicts, and sustainability frameworks to
demonstrate how underground expansion simultaneously generates spatial inequalities and ecological risks. Ultimately, it calls
for a renewed assertion of architecture’s public role against the universalizing pressures of finance.

Keywords:

finance capitalism, asset urbanism, zombie urbanism, subterranean megaprojects, iceberg homes, sustainable architecture, the
iceberg phenomenon

INTRODUCTION

The contemporary city is increasingly shaped by financial capitalism, where the built environment circulates as an
asset class rather than a setting for everyday life. Financialization has aligned architecture with the logics of
liquidity and speculation, displacing use value with exchange value. Within this regime, typologies such as super-
slender towers, ex-urban investment mats, and “iceberg homes” operate as spatial avatars of finance, optimized
for tradability and abstraction rather than habitation. At the same time, a counter-current persists: sustainability
frameworks reposition architecture as an ethical and ecological endeavor grounded in orientation, insulation,
material efficiency, and public accessibility.
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Asset urbanism increasingly pushes cities to expand below ground, turning subterranean infrastructures into hidden
containers of value in which civic surface signatures mask capital-intensive bases. The subterranean domain has
emerged as a critical frontier of contemporary urban development. As cities grapple with spatial limitations,
ecological pressures, and intensified demands for urban amenities, the underground is increasingly mobilized as
both a private and public resource. On one side, privatized subterranean expansions exemplify an “iceberg logic”,
where planned and civic-oriented subterranean infrastructures—metros, underground highways, parking
structures, and logistical networks—illustrate how the underground serves collective needs, reshaping circulation,
resilience, and technological integration at the scale of the city. This research situates iceberg urbanism at the
intersection of these two tendencies: the private appropriation of subterranean space as a form of wealth
securitization, and the public deployment of the underground as infrastructural commons. It examines how
subterranean expansion embodies the architectural expression of capital’s financialization, while also revealing
the paradoxes of equity, sustainability, and resilience in contemporary urbanism.

Methodologically, this research mobilizes case studies across distinct regulatory and market contexts, tracing how,
when surface land and planning regimes constrain growth, functions migrate underground—metros, concourses,
utilities, parking, logistics—while minimalist canopies, pavilions, and slim bridges advertise public benefit above.
Together these examples show how speculative value can be created, traded, and stored independently of everyday
use, producing districts dense on paper yet thin in social life. The paper makes both an empirical and normative
contribution: it maps the techniques, actors, and spatial consequences involved in treating the city as an asset class,
while testing whether socially and ecologically oriented design can survive within this regime—and under which
forms of governance. The conclusion highlights potential policy levers, including decommodified tenure,
community land trusts, public and non-profit ownership, and value-capture mechanisms linked to non-market
housing. It further proposes criteria to distinguish genuinely civic infrastructure from architectures that primarily
serve speculative enclosure.

1. ARCHITECTURE AS ASSET: THE FINANCIALIZATION OF URBAN SPACE

Capitalism can be understood as a continuous cycle with three phases: the accumulation of money through trade,
its investment in agriculture and manufacturing, and a final stage in which we live today, marked by speculation—
where late-stage dominance corresponds to financial expansion [1]. Lapavitsas describes this as a “second great
financial ascendancy” beginning around 1980 [2], while Jameson emphasizes the persistent triadic rhythm of trade,
production, and speculation, noting that our present is defined by the intensification of speculative dynamics [1].

In recent decades, the form, function, and scale of urban environments have undergone profound transformations.
Traditionally, the economic understanding of cities rested on the dynamics of supply and demand that shaped the
production and consumption of goods and services. Since the 1980s, however, a new mode of capitalism has risen
to unprecedented prominence: finance capitalism. This system, in which profit is derived less from producing
goods than from the exchange of abstract financial instruments, challenges earlier conceptualizations of the city.
The urban landscape is now increasingly shaped by financial logics that treat space primarily as an asset. The
concept of asset urbanism captures this transformation. It denotes the socio-spatial avatar of finance capitalism,
emerging when urban spaces function predominantly as investment vehicles, eclipsing their many other possible
roles. This condition is captured by the concept of financialization, in which profits arise “primarily through
financial channels rather than through trade and commodity production” [3]. Arrighi situates the current era,
centered on New York (1870—present), as the successor to three prior hegemonic cycles: Genoa (1340-1630),
Amsterdam (1560-1780), and London (1740-1830). These perspectives converge on a decisive turning point in
the early 1980s, when two indicators aligned: the rapid growth of global equity capitalization and the explosion of
assets under management—the so-called “giant pool of money.” From 1980 to 2018, global stock market
capitalization rose from $1.7 trillion to $68 trillion, while assets under management expanded from $12 trillion to
about $101 trillion today. This marked the rise of financial instruments as a “preferred medium of finance and
speculation” [4,28].

The sheer scale of this capital has made architecture central to financial circulation. As in earlier hegemonies,
significant portions of wealth flow into speculation and conspicuous consumption [4], with real estate historically
serving as a privileged medium for both. Today, the housing market illustrates how architecture functions
simultaneously as spatial form and financial instrument. Buildings are transformed into vehicles for storing and
multiplying capital, increasingly detached from their social or functional use [3]. (Figure 1)

Although real estate has long been defined as illiquid—the opposite of cash in standard finance knowledge—
contemporary practice seeks to push it toward liquidity [5]. This occurs through legal frameworks such as
condominium statutes that enable fractional ownership, global brokerage networks that ease cross-border
transactions, prop-tech platforms that normalize comparability, marketing logics such as rendering-driven pre-
sales, and forms that minimize social entanglement [5]. Pre-construction assignment markets in London, Toronto,
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and Belgrade allow contracts to be traded years before completion, effectively creating an architectural futures
market where floor plans and digital renderings circulate as financial assets. In such cases, the building itself
becomes secondary to its virtual representation, which operates as a tradable promise of future value. What
circulates, then, are not simply material structures but virtual buildings, functioning primarily as financial rather
than architectural objects. In this sense, architectural form itself becomes a financial form: shaped less by physical
or urban laws than by the economic logics of liquidity, speculation, and global capital flows.

Historically, architecture and urbanism were evaluated primarily in terms of use value: how spaces supported
human activity, habitation, and social life. Today, however, as space becomes financialized, exchange value
dominates. The results are evident worldwide: High vacancy rates in global cities as units sit empty, held as
speculative investments. The emergence of entire neighborhoods with density on paper but little social life in
practice. Distortions in the planning and provision of public services, undermined by speculative vacancy.
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Figure 1. Liquid vs. Non-Liquid Assets. Empty vacant houses in cities. Total Value of Global Real Estate.
[Western & Southern Financial Group, 2024]

All listed may be distributed across cities, with varying degrees of prevalence, but a recurring characteristic is the
widespread abandonment of units. The vacancy has become systemic, leaving vast portions of urban housing stock
unused for much of the year. Concentrated in clusters, these empty properties generate what scholars call “zombie
urbanism”—units owned but largely uninhabited, serving as second, third, or fifth homes for wealthy individuals.
In extreme cases, entire “ghost cities” emerge, where speculation dominates but social life is absent [1].

Case studies of asset urbanism reveal how speculative logics reshape entire landscapes. In Ireland, the property
boom enabled ordinary households to own multiple homes, but the crash left 300,000 vacant units—so-called
ghost estates—and countless tax-driven zombie hotels designed more as financial devices than accommodations.
Along Spain’s Mediterranean coast, vast stretches were transformed into a linear city serving northern European
investors, while projects like Sesefia near Madrid prioritized marketable units over livable communities, producing
what has been described as “inhumane urbanism”. China offers perhaps the most extreme example, with an
estimated 50 million sold but empty apartments, many acquired explicitly as substitutes for stock equities, making
housing an overt financial instrument [6]. Taken together, these examples point to a global “zombie urbanism” [7]
in which growth and decay coexist, vacancy is normalized, and speculation destabilizes local communities.
Overbuilding and under-occupation emerge not as exceptions but as systemic outcomes of treating the city as an
asset class. This undermines conventional planning assumptions that link housing supply to demographic growth
and density, showing instead that entire districts may function less as places for living than as circulating
investment products within global financial flows.

Zombie urbanism, marked by owned but largely uninhabited housing, has become a global phenomenon, though
its intensity varies across regions. Governments have responded with fiscal and regulatory measures, including
unoccupied penalties and second-home taxes, while political leaders stress the need to restore housing’s social
function—as Xi Jinping declared in 2017, “houses are built to be inhabited, not for speculation.” Paris introduced
a second-home tax in 2015, and Toronto later adopted similar instruments. These cases illustrate how finance
capitalism reconfigures architecture, eroding its primary role as shelter for human habitation

2.  ICEBERG HOMES: THE HIDDEN ARCHITECTURE OF SPECULATIVE WEALTH

Finance capitalist architecture is inherently unstable, functioning simultaneously as a symbolic spectacle and
fungible commodity, and generating recurrent spaces of crisis that mirror the volatility of global markets. By
facilitating liquidity and transforming real estate from an illiquid asset into a stock-like financial instrument, these
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financial dynamics crystallize into distinct morphological configurations—what may be described as architectural
forms of finance [1].

On the level of morphology, Soules [5] identifies them as iceberg homes, ex-urban investment mats, super-
podiums, super-slender towers, and financial icons. Each of these forms acts as a spatial avatar of finance
capitalism, designed to absorb, store, and circulate global investment flows. (Figure 2)

Iceberg homes are residential buildings with disproportionately large subterranean extensions relative to their
above-grade, and shall be further elaborated in the subsequent sections of this paper. Ex-urban investment mats
take the form of vast horizontal fields of repetitive single-family units, often so self-similar as to be
interchangeable. Operating less as communities than as aggregations of investment units, these mats expand asset
counts, deepen markets through sheer numerosity, and reduce locality. Super-podiums are towers rising from
massive plinth-like bases, where universalized roof podiums detach housing from the street’s contingencies,
standardize access, ease interchangeability, and provide heightened privacy and urban gardens [8, 9]. While
podium-and-tower combinations have historical precedent, their post-1980s proliferation reflects finance
capitalism’s fixation on maximizing returns through morphological standardization. Super-slender towers are
radically thin high-rise forms functioning as spatial “safety deposit boxes in the sky.” These structures host
simplified high-altitude vault units with minimal shared horizontals, enabling remote global ownership rather than
fostering local habitation. Finally, financial icons, exemplified by Frank Gehry’s Guggenheim Museum in Bilbao,
embody the so-called “Bilbao effect.” Here, iconic architecture becomes a vehicle for real estate appreciation, tax
growth, and city branding—embedding cultural capital directly into financial circuits.
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Figure 2. Architectural forms of finance [author]

The built environment increasingly serves as speculative wealth storage, turning real estate into an asset class
detached from social use. Through pre-sale and assignment practices, housing itself is transformed into a tradable
instrument, often exchanged multiple times before completion. In this process, architecture functions less as lived
environment and more as financial asset [1]. London’s “iceberg homes” or Manhattan’s empty luxury towers
exemplify this logic, deepening inequality as some areas are overvalued while others remain marginalized [1]. The
paradox is further exposed in projects like Vancouver House’s one-to-one gifting scheme linking luxury condos
with minimal housing in Phnom Penh [Soules 2020]. At the same time, the iceberg house typology exemplifies
how architecture can explicitly facilitate speculation. By extending downward rather than upward, these
subterranean expansions allow the ultra-wealthy to circumvent planning restrictions, heritage protections, and
urban land scarcity [8]. Initially notorious in London’s Royal Borough of Kensington and Chelsea, the form has
since spread to Aspen, Beverly Hills, Vancouver, Toronto, and Moscow. Despite locally distinct narratives—
heritage control, land scarcity, lifestyle branding—the underlying logic remains the same: speculative wealth
storage below ground. Such developments demonstrate how architecture becomes increasingly bound to the
circuits of global finance [1].

“Iceberg homes” represent a distinctive contemporary urban phenomenon, emerging primarily in cities
characterized by land scarcity, restrictive zoning regulations, and stringent conservation requirements. The visible,
above-ground structures are designed to comply with local heritage guidelines, while concealing extensive multi-
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level underground extensions that frequently surpass the scale of the surface construction. The term “iceberg”
highlights the analogy to natural icebergs, the majority of whose mass remains hidden beneath the surface: above-
ground envelopes comply with heritage controls while concealing multi-level subterranean spaces that often
surpass the scale of the visible house [8]. (Figure 3)

The subterranean facilities typically include additional amenities such as private theaters, gyms, spas, wine cellars,
and swimming pools, in more extravagant cases: theaters, art galleries, collection vaults, game rooms, car depots,
and even bowling alleys, reinforcing the association of these spaces with exclusivity and concentrated wealth.
Iceberg homes often extend up to 18 meters deep and stretch beneath gardens, making them larger than the homes
above. The rise of iceberg housing is closely linked to global capital flows and the role of centralized cities that
are magnets for international investment. As Arrighi and Lapavitsas argue, financialization has transformed real
estate into a primary vehicle for speculative capital accumulation [4, 2]. Desirable neighborhoods are marked by
stringent zoning regulations and heritage protections that limit above-grade construction, while leaving
subterranean expansion largely unregulated. This loophole allowed architects and investors to materialize wealth
below ground, producing vast, privately enclosed environments invisible at street level. The continuing rise in real
estate values, combined with declining costs of underground construction and advancements in air-conditioning
and artificial lighting systems, have encouraged architects and developers to intensify the exploitation of
subterranean space. Real estate agents rebrand them as “lower ground” levels to avoid the stigma of basements,
yet their impacts are anything but hidden [8].
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Figure 3. Edmund and Carol Lazarus’ Leisure Center and Jon Hunt’s Car Museum
[https://architizer.com/blog/inspiration/collections/londons-basement-extensions/]

From a financial perspective, iceberg homes embody both asset security and speculative promise. On one hand,
they stabilize property value by creating hidden square meters in highly constrained markets, effectively
converting regulatory restrictions into opportunities for capital appreciation. On the other hand, they also amplify
speculative pressures by inflating prices in already overheated real estate markets, further detaching housing from
social use and reinforcing its role as a financial instrument.

In social terms, the iceberg form exemplifies the privatization of urban life. These houses provide security and
privacy but intensify socio-spatial segregation, reinforcing the secessionary aspirations of elites who insulate
themselves from the diversity of the city [8, 10]. While the wealthy gain access to customized, subterranean leisure
spaces, neighbors and the broader public are excluded from their benefits and must cope with construction
disruptions, increased property prices, and the erosion of urban inclusivity. Ecologically, the typology raises
concerns over groundwater disruption, soil stability, and localized flooding risks, while also depending heavily on
artificial climate control and energy-intensive systems of ventilation, illumination, and drainage [8, 9]. Critics
highlight that these forms not only increase ecological vulnerability but also undermine broader urban
sustainability goals. At the same time, proponents emphasize that technological innovation in excavation,
structural reinforcement, and lighting design has made such projects feasible, pushing architecture to develop new
expertise in subterranean living environments [11, 12].

Ultimately, iceberg homes epitomize hidden luxury, inequality, and urban unsustainability. Architecturally, they
demand complex solutions for illumination, ventilation, and atmosphere. The reliance on cove lighting and spa-
like design highlights how subterranean luxury requires the staging of desire and exclusivity. Detailing of light
and finishes in these spaces demonstrates how architecture has been reprogrammed around privacy, securitization,
and non-publicness. These interiors are often described as “luxury caves,” underscoring the paradox of private
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abundance concealed beneath modest above-ground shells. In this sense, iceberg houses illustrate both the capacity
of finance capitalism to invent hidden architectures of desire and the risks it poses for social equity and ecological
resilience.

3.  DIGGING FOR PROFIT: SUBTERRANEAN MANSIONS AND MEGAPROJECTS

London’s “iceberg houses” emerged in the late 2000s as ultra-wealthy homeowners, constrained by conservation
laws and plot restrictions, maximized living space through subterranean expansion [13]. Between 2008 and 2019,
Greater London approved 7,328 basement developments. While most were modest, 18.3% were classified as
“large” and 2.3% as “mega-basements,” often extending three levels deep or beneath gardens. Collectively, these
projects displaced over 1.78 million cubic meters of soil—twelve times the volume of St. Paul’s Cathedral—
transforming the geology beneath Georgian and Victorian housing stock [8]. Luxury basement development is
concentrated in the so-called “basement belt” of Kensington & Chelsea, Westminster, Camden, and Hammersmith
& Fulham, where high property values and restrictive planning render subterranean expansion both viable and
profitable. Clustering is intense: on some Chelsea streets, six of eight semi-detached houses were retrofitted with
deep basements containing pools or cinemas. At the market’s 2015 peak, every $1,000 invested in excavation
could yield $2,000 in added property value, epitomizing housing’s transformation into an asset class. [13, 25,27].

The cultural meaning of basements has inverted. Once associated with poverty, disease, and marginality, they now
signify exclusivity and wealth [9, 14]. Graham terms this “luxified troglodytism,” where underground space
becomes an elite retreat. Whereas skyscrapers make wealth visible, iceberg homes extend it invisibly downward,
producing what Rasmussen describes as “private arks of the underworld.” London’s case is distinctive yet
influential: a Manhattan townhouse with an 11.5-meter-deep basement caused years of disruption [7]. Engineering
challenges are immense, with projects encountering underground rivers, chalk mines, unexploded World War II
bombs, and even hundreds of diggers abandoned beneath completed basements because extraction was too costly
[14]. High-profile disputes—such as Robbie Williams versus Jimmy Page—illustrate how such developments
fracture neighborhoods [14].

Here the paradox of sustainable design emerges. Contemporary architecture advances along two divergent
trajectories: one emphasizing sustainability and equity, championed by Sir Norman Foster, and another
exemplified by luxury mega-basements [11, 14]. Foster’s “pyramid of sustainable design” stresses fundamentals—
orientation, insulation, and form—Ilinking sustainability with democracy and equity [15]. By contrast, iceberg
basements operate as “value containers” for offshore wealth, frequently unoccupied, and deepen socio-spatial
segregation [16]. Iceberg houses reveal how finance capitalism reconfigures both skylines and underground
geographies. They epitomize housing’s paradox as both shelter and speculative asset, consolidating resources for
the few while externalizing noise, geological risks, and social exclusion [16]. This aligns with Atkinson’s concept
of the “minimum city,” where development serves the 1% alone.

Thus, iceberg homes embody the paradox of architecture in the age of financialization: while sustainability
discourse emphasizes ecological responsibility and social equity, subterranean mansions symbolize excess,
speculation, and exclusion. They show how finance capitalism appropriates architectural form, not to serve urban
resilience, but to anchor private wealth in the depths of the city. Asset urbanism foregrounds the tension between
the social purpose of cities and the financial imperatives that increasingly govern their production. When buildings
are treated first and foremost as financial devices, their capacity to serve as homes, workplaces, and civic spaces
diminishes. As we consider the next fifty years of urbanization, it becomes crucial to address these dynamics: the
ghosts of vacant homes, the zombies of speculative estates, and the surreal landscapes of overbuilt yet uninhabited
cities all demand new discourses and new tools. To ignore them is to risk surrendering the city entirely to the logic
of finance.

The phenomenon of the “iceberg home” should be understood as part of a larger iceberg urbanism: a process in
which cities, like houses, are compelled by both social aspirations and financial logics to extend underground,
producing new forms of architecture and infrastructure that stimulate economies, diversify social experiences, and
innovate spatially, yet simultaneously impose ecological pressures, fiscal risks, and deepening contradictions of
financialized urbanism. The subterranean domain is increasingly treated as a resource through which individuals
and societies accommodate demands that cannot be met above ground. Homeowners, particularly within the
context of London’s “iceberg houses,” place additional amenities underground, where regulatory frameworks are
less restrictive, thereby enhancing property value and accommodating functions otherwise constrained by the built
fabric [8, 13]. This practice resonates with a broader phenomenon of iceberg urbanism, whereby urban programs
and infrastructures are shifted below ground as the surface of the city, much like historic housing stock, is spatially
finite, while social demands for services and amenities continue to expand.

In earlier periods, the Georgian townhouse sufficed for the elite families of London, whose spatial and cultural
needs were adequately contained within the existing domestic typology. Today, however, a new global elite has
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emerged, characterized by expanded requirements—luxury leisure spaces, private gyms, art storage, and extensive
infrastructures—that exceed the limits of traditional houses. As a result, architecture extends downward, producing
multi-level basements that embody both the pressures of demand and the dynamics of financial accumulation [12,
17].

This tendency parallels broader social dynamics. As Maslow’s hierarchy of needs illustrates, once basic material
requirements are met, individuals and societies develop higher-order needs that include cultural amenities,
infrastructures, and enhanced urban services [25]. Contemporary cities, having satisfied fundamental conditions
of shelter and survival, now seek to provide complex forms of infrastructural and programmatic support.

Yet the city itself remains spatially finite and governed by historically entrenched regulations. The response, much
like in the domestic sphere, has been to move downward into the subterranean. Importantly, the forces driving this
shift are not merely the satisfaction of social or cultural needs, but also powerful financial imperatives.
Subterranean expansion enhances property values, generates new revenue streams, and positions urban space as
an attractive site for global capital [1,3]. Public projects of subterranean urbanism—metros, underground cultural
venues, or infrastructural complexes—have similarly been motivated not solely by philanthropic or civic
aspirations, but by economic rationalities: the enhancement of land values, the intensification of urban centralities,
and the pursuit of profitability through new forms of spatial commodification [15, 9].

At a smaller urban scale, iceberg megaprojects bring into focus the broader consequences of subterranean
development. Economically, these ventures frequently rely on massive state investment or complex public—private
partnerships, with uncertain prospects for return. As Flyvbjerg and colleagues observe, megaprojects often suffer
from cost overruns and benefit shortfalls, creating fiscal strain even as they are justified as engines of growth . Yet
paradoxically, they also function as countercyclical stimuli, revitalizing national construction industries and
absorbing surplus capital during downturns.

Ecologically, prolonged excavation and the removal of millions of cubic meters of soil alter hydrological systems,
destabilize surrounding structures, and embed long-term energy costs into urban metabolism. Extended building
phases generate dust, noise, and traffic congestion, while completed infrastructures require continuous energy for
ventilation, drainage, and climate regulation, thereby locking cities into higher carbon trajectories Socially, iceberg
megaprojects reshape the collective experience of the city. They introduce new subterranean spaces—transport
nodes, cultural complexes, retail corridors—that expand the repertoire of urban life. Multinational design and
construction teams contribute to social diversity, while users encounter novel forms of connectivity and cultural
exchange. At the same time, however, these spaces often reproduce inequalities of access, embedding new
hierarchies of consumption and security within the city’s fabric.

4. OPPORTUNITIES AND CHALLENGES OF THE ICEBERG PHENOMENON

At the level of public policy, contemporary urbanism reveals a structural paradox in the planning profession.
Planners are tasked with two seemingly irreconcilable goals: inflating real-estate values to stabilize tax bases and
satisfy property interests, and safeguarding residents’ welfare [15]. Within regimes of predominantly private
landownership and hyper-mobile capital, this dual mandate is contradictory, especially in renter-majority cities.
Regulation alone rarely shifts outcomes, and we get financial urbanism at its worst. Downzoning often triggers
subterranean expansions, as-of-right regimes facilitate the mass production of under-occupied luxury space, and
sophisticated “value capture” instruments—bonuses, transferable development rights, inclusionary housing—
typically entrench reliance on commodified markets to finance a marginal quantum of “affordable” units [5, 15]

The Hudson Yards megaproject exemplifies this logic: massive public subsidies yielded a mall-anchored district
of empty luxury condos with deferred, off-site “affordability,” demonstrating that technical fixes reproduce rather
than resolve the problem [15]. By contrast, the Viennese model illustrates a different path. Requiring two-thirds
social housing in rezoning, capping land resale prices, and maintaining long-term public or non-profit tenure,
Vienna demonstrates that housing can be governed as social infrastructure rather than speculative commodity. Yet
these achievements are not technocratic quick wins, they rest on decades of political hegemony in favor of social
housing and robust public capacity [15]. Nor has pandemic-era migration to smaller cities provided relief. Out-
migration from global centers pushed prices upward both in receiving locales and in origin metros, while
disinvested cities—desperate for growth—offered ever larger concessions to real-estate interests, echoing the “race
to the bottom” of the Amazon HQ2 spectacle [15,28].

Underground urbanism is not merely about creating spaces beneath the earth: it is about reimagining the fabric of
city life. Extending cities into the underground can reduce urban sprawl, preserve green areas, and enhance
livability. Subterranean transportation networks—including metro systems and highways—facilitate efficient
movement, while large-scale underground warehouses and industrial zones minimize land usage and ecological
disruption. Centralizing logistics in confined underground areas can simplify waste management and emergency
response, echoing the “walled city” model of resilient infrastructures [8, 16]. A new approach to city planning is
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emerging in the face of escalating environmental concerns and burgeoning urban populations. This paradigm
harnesses the potential of the vertical dimension, delving into underground and aerial development realms.

By integrating advanced technologies in botany, transportation engineering, logistics, and sustainable practices,
urban landscapes can transform into more efficient, self-sustaining ecosystems. The shift towards three-
dimensional planning marks a milestone in urban development, addressing urban sprawl, land scarcity, and
environmental degradation [18]. One of the most transformative aspects of this model is the integration of vertical
farming. Hydroponic farms, operating in vertically stacked layers, allow for continuous food production, supported
by robotic maintenance and Al-driven systems. [19] These farms recycle organic waste and CO: emissions,
reducing dependence on large-scale GMO agriculture. Moreover, aquaculture—such as tilapia or krill farming—
can be combined with plant cultivation, simultaneously purifying water and providing food resources. Such closed-
loop systems align with circular economy principles and reinforce urban resilience [20, 21].

Climate control remains a pressing challenge in dense urban areas. Geothermal heating and cooling systems,
utilizing stable underground temperatures, offer sustainable alternatives to conventional HVAC systems,
significantly lowering the urban carbon footprint. Moving industries below ground helps mitigate heat plumes
while preserving surface environments. At the same time, rethinking urban spaces emphasizes pedestrian-friendly
centers, community gardens, and shared recreational zones. These measures foster social cohesion, promote
healthier lifestyles, and reduce reliance on automobiles, aligning with sustainable mobility.

These dynamics foreground the analogy of the iceberg phenomenon. At the scale of private housing, iceberg
mansions conceal multi-story subterranean amenities beneath modest above-ground envelopes. At the scale of the
city, mega-projects and civil projects reproduce the same effect: the visible, civic-oriented surface structures mask
vast, often hidden substructures that concentrate value and extend usable space where surface land is scarce. In
this sense, the analogy is obvious: just as wealthy homeowners dig down when constrained by conservation laws
or plot restrictions, cities themselves “go underground” to accommodate functions that cannot be placed above
ground [22].
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Figure 4. Montreal underground spaces
[https://www.mtl.org/en/experience/guide-underground-city-shopping]

While Foster declined to design private iceberg houses, he nevertheless translated subterranean lessons into large-
scale public projects, underscoring the divergence between exclusive elite expansion and inclusive civic
infrastructure. The Bilbao Metro exemplifies this shift: its modest glass fosteritos entrances above ground
symbolize urban clarity, while the true financial and functional investment lies in the vast subterranean system of
tunnels and stations below [23]. Similarly, the Millennium Bridge in London conveys a minimalist, almost
immaterial line over the Thames, yet its structural stability depends on substantial anchoring and engineering
concealed beneath the surface [24]. The Great Court of the British Museum dramatizes openness through its glass
canopy, though this visibility is underpinned by major underground interventions that reconfigured circulation and
services [29]. More recently, the Apple Park campus in Cupertino demonstrates the iceberg logic on a corporate
scale: the visible ring building is iconic and symbolic, but the campus relies on massive underground infrastructure,
including parking for thousands of cars and extensive servicing systems [30]. Across these cases, the iceberg
principle—minimalist or symbolic presence above, substantive weight below—illustrates how subterranean
strategies migrated from elite private dwellings to public transport, cultural, and commercial infrastructures.
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Montreal’s underground network exemplifies this transformation. Originating in the early 1960s with the Place
Ville-Marie office tower, the system expanded into a sprawling indoor network linking metro stations, offices,
malls, and cultural institutions [31]. (Figure 4) El-Geneidy and colleagues describe how the “Indoor City” evolved
through deliberate integration of air rights, underground corridors, and real estate development, reshaping civic
space into a tool for private capital deployment. The iceberg phenomenon here is unmistakable: a surface narrative
of mobility and public accessibility masking subterranean corridors of profit. However, in some manifestations of
iceberg urbanism, the dynamic is reversed: content and financial potency are deliberately elevated above ground
to maximize attraction, while functional bases remain buried. Paris’s Chatelet—Les Halles illustrates this inversion.
Once dominated by a subterranean retail and transit complex, the redevelopment culminated with La Canopée [32]
a light-filled canopy sheltering cultural and commercial activity above the buried mall. Similarly, Berlin’s
Potsdamer Platz employed elevated plazas, sky-bridges, and terraces to lift amenity and social spaces upward
while layering commercial infrastructure below [33]. (Figure 5) Singapore’s Marina Bay Sands represents an even
more dramatic “inverse iceberg.” Limited by high groundwater levels and reclaimed land, the development
elevated a vast SkyPark—a one-hectare public garden and pool—atop three towers, while retail and convention
components were embedded below [34, 35]. In Chongqing, steep topography generates hybrid iceberg forms:
public plazas and pedestrian routes unfold on rooftops, while the same structures present as subterranean
complexes when approached from other levels [36]. (Figure 6)

Ad
Figure 6. Inverse iceberg development in Singapure and Chonggqing, rooftop public space [author]

Other initiatives reveal how iceberg logics combine philanthropic justifications with commercial imperatives. New
York’s Lowline sought to convert an obsolete trolley terminal into the world’s first subterranean public park. It
was framed as a civic amenity but relied on speculative and hybrid funding: a Kickstarter campaign raised USD
223,000, and the Lowline Lab drew 75,000 visitors, demonstrating both imaginative potential and dependence on
corporate sponsorship. Similarly, the Nature Structure exhibition [37, 38] highlighted ecological interventions such
as the Netherlands’ Sand Motor and Denmark’s pop-up rainwater-absorbing garage. Though framed in
philanthropic terms—"“playing on the same team as nature”—these projects also blurred into speculative circuits
of innovation and urban branding. In parallel, Mexico City’s BNKR Arquitectura proposed the radical
“earthscraper,” a 65-story inverted pyramid descending 300 meters below ground. Conceived as a response to
historic preservation rules that limit vertical growth around the Zocalo, the project dramatizes the iceberg
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phenomenom by envisioning an immense civic and commercial complex entirely hidden beneath the surface. [39]
(Figure 7)

To elucidate these structural dynamics, the subsequent comparative overview examines a series of international
case studies. By situating underground urban spaces within diverse regulatory, socio-economic, and morphological
contexts, these examples illustrate how distinct planning paradigms operationalize subterranean infrastructures to
reconcile pressures of mobility, environmental resilience, and capital accumulation. Montreal exemplifies
comprehensive integration: underground networks have been woven into long-term strategies to relieve surface
congestion, enhance multimodal mobility, and protect cultural heritage, combining metro systems with pedestrian
passages, utilities, parking, and retail [40]. Hong Kong demonstrates how extreme density can be leveraged
through an efficient mass transit railway coupled with pedestrian subways, cavern uses, and commercial facilities
that optimize scarce land while maintaining high standards of service and safety [41]. Chicago’s underground
trajectory reflects historical reconstruction and technological innovation, translating nineteenth-century
imperatives and climate resilience into today’s palette of subways, utility corridors, and commercial concourses
embedded in statutory planning [42].

Figure 7. Iceberg effect at the level of future urban mega-projects: Think Deep UK Social Value proposal, Mexico City’s
BNKR Arquitectura earthscraper, Danish Third Nature pop/up space-car park, the Lowline subterranean park

In Tianjin, a major port city, underground transport, logistics, and retail mitigate surface bottlenecks, while strong
state and private investment and strict codes support large-scale implementation [40]. Beijing elevates urban
underground spaces to a strategic planning instrument, using long-range regulation and coordinated phasing to
integrate extensive metro lines, intermodal hubs, and underground commerce while managing environmental
impacts [43]. Oslo deploys underground parking, waste and utility tunnels, and selected retail to preserve surface
landscapes in a terrain- and cost-constrained context, rigorous environmental permitting and circular-economy
practices frame delivery [42]. Seoul, among the world’s densest capitals, concentrates underground development
in transport and commercial corridors, using deep platforms and expansive shopping passages to absorb flows and
activate economic frontages [41].

Zurich blends functionality and culture: high-tech engineering underpins utility tunnels, parking, and rail nodes
alongside cultural installations, all governed by exacting safety and environmental rules [40]. Tokyo relies on
deep, highly connected rail interchanges and extensive weather-protected pedestrian passages that bind districts
together and reduce surface externalities, while carefully managing groundwater and settlement risks [42].
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Singapore treats underground space as a national-scale asset, integrating metro interchanges, commercial
complexes, service corridors, and innovative water-management infrastructure with park systems to enhance
resilience and spatial efficiency. (Figure 8)

Across these cases, urban underground spaces serves transportation, utilities, commerce, recreation, storage, and
public-realm functions at typical depths of roughly 10-30 meters [deeper for specialized facilities], with
governance ranging from corridor reservation in master plans to public-private partnerships and rail-property
models [40]. The common success factors are strategic management, technological and organizational innovation,
clear regulatory frameworks, and consistent environmental safeguards, the common pitfalls are fragmented
excavation, unclear volumetric rights, and erosion of publicness in over-commercialized tunnels [41].

Figure 8. Underground concert cathedrals Tokyo, Zurich and Tianjin
[Study on the Development of Urban Planning in the Underground Space of the City of Belgrade, URBEL]
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Beyond systemwide planning, international practice also illustrates typologies by use. Transport systems are the
most prevalent and fastest-growing underground function globally, acting as the backbone that unlocks co-located
utilities, retail, and public amenities [40]. Two reference projects illustrate these dynamics: the RIO project as a
strategic intervention that returns greenery and public space to the city while reorganizing traffic underground, and
Montreal’s RESO, where the metro catalyzed a broader lattice of underground pedestrian networks and
commercial programs, demonstrating how transit infrastructure can generate durable, multi-functional value below
the surface while preserving and enhancing the urban fabric above.

The listed cases show a recurring iceberg phenomenon at the level of urban mega-projects and civil infrastructures:
the visible layer emphasizes public goods—mobility, green space, cultural amenities—while hidden layers
generate rents, embed revenue streams, and anchor private capital. What appears philanthropic or civic-oriented
ultimately participates in the commodifying logic of contemporary capitalism. This is the essence of iceberg
phenomenon. Above ground, architecture enacts transparency and civic accessibility, below, it functions as
financial apparatus. What presents as sustainable, philanthropic, or citizen-oriented design is simultaneously
reconfigured into an extractive infrastructure, privileging liquidity and capital flows over social equity and
ecological resilience. The contradiction is stark: even where the motivations appear philanthropic, they are folded
back into commercial rationalities. Effective responses must therefore be structural.

Cities face a strategic fork: extract marginal benefits from intensified commodification, or pursue
decommodification through public and non-profit tenure, social rent regimes, and collective landholding models
that detach land from speculative circuits. Without such a shift, iceberg logics—whether buried, elevated, or
hybrid—will continue to structure both private housing and public mega-projects, reshaping the city less as a civic
infrastructure of dwelling than as an apparatus for capital circulation.

CONCLUSIONS: THE ROLE AND RESPONSIBILITY OF ARCHITECTS

In contemporary cities shaped by financialized capitalism, the housing market increasingly operates as a
mechanism for rent extraction and capital circulation rather than as an institution oriented to the social function of
dwelling—secure, affordable, and stable shelter. The transcript foregrounds several intertwined dynamics: a
widening disjunction between wages and housing costs, the accelerated acquisition of large swaths of the housing
stock by institutional investors (banks, hedge funds, private equity) who have become major landlords, and the
reorientation of urban planning [1]. In the United States, an acceleration of home sales has coincided with declining
homeownership rates and record shares of purchases by absentee buyers and large funds. Move-in rents on vacant
units have more than doubled over the past two decades, while wages have largely stagnated, producing mounting
rent burdens—especially acute in segregated Black and Latino neighborhoods [15]. As an ever-larger share of
paychecks is transferred to landlords, Dickensian forms of precarious dwelling reemerge, including “shift-bed”
arrangements in which tenants rent a bed for hours rather than a room. This signals a broader transformation:
housing increasingly functions as a lucrative business. Urban practice shifts from a public-interest vocation toward
“managing land value” to sustain municipal budgets and property owners. Producing spaces deliberately kept
under-occupied or empty -as a kind of safety deposit box for wealth preservation rather than as livable space [12,
1].

Public debate framed narrowly as “supply versus demand” misses the object of exchange. What is traded is not
generic “units” but specific land positions bundled with cheap credit, construction inputs, and the invisibility of
the asset. Demand is also for housing as an investment vehicle, where liquidity, price appreciation, and portability
dominate. Under these conditions, the problem is not only an absolute deficit of units but also a surplus of capital
seeking asset classes with the properties of safe, transferable, appreciating stores of value [1].

The morphologies identified: ultra-thin pencil towers on Manhattan’s Billionaires’ Row, “iceberg homes” with
disproportionate subterranean extensions, and ex-urban “investment mats” of standardized units—are not stylistic
curiosities. They are spatial devices for increasing liquidity: multiplying tradable units, standardizing typologies,
minimizing shared horizontal space, and producing “safety-box” apartments optimized for remote, global
ownership rather than everyday life. Even emblematic cases such as 432 Park Avenue reveal a double truth: radical
aesthetics can coexist with technical effect and litigation, yet when one vehicle loses favor, capital rapidly
identifies fresh regulatory gaps and spawns’ new spatial mutations [12]. Which are appearing even in Serbia in the
BWF Belgrade project.

Bringing together two seemingly opposed narratives—sustainable architecture and financial capitalism—
highlights the divergent trajectories of contemporary urban development, where design functions either as an
instrument of the public good or as a mechanism of socio-spatial segregation. The iceberg phenomenon in public
urbanism, articulated as a collective strategy for climate resilience and social equity, stands in stark contrast to its
manifestation in private residences, where it materializes as an expression of privatized wealth, exclusivity, and
subterranean expansion. Despite their opposing orientations, both forms are underpinned by a shared architectural
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logic and embedded within the same capital-oriented logics of value construction and financialization. Their
simultaneous presence within identical urban contexts—most visibly in London—illustrates the contested and
ambivalent role of architecture in mediating inequality, resilience, and the circulation of speculative capital in the
city.

These two trajectories highlight fundamentally different futures of urbanism. Sustainable design—framed by
systems like LEED and championed by Norman Foster—presents architecture as a survival strategy rooted in
ecology, equity, and democratic access. In contrast, the spread of iceberg homes, first in London and now in other
global cities, highlights architecture’s role in speculative wealth storage and privatized underground domains.

Architects today operate within complex multi-actor matrices in which their agency is frequently subordinated to
the priorities of marketers, brokers, lenders, lawyers, and platform operators. In many markets, marketers are
involved from the earliest stages of design and are even paid more than architects, which radically shifts influence
over form toward salability rather than inhabitation. The result, as Soules notes, is a built environment increasingly
optimized for liquidity, isolation, and abstraction rather than for “rich domestic life.” Indeed, Soules underscores
the paradox of contemporary practice: “charity is part of the game, a humanitarian mask hiding the underlying
economic exploitation of people and land” [5]. This formulation resonates with the critique voiced in the
discussion, where participants emphasized how marketing prerogatives diminish architecture’s capacity to
cultivate meaningful social spaces.

Yet, design choices still matter. If financialization rewards programmable emptiness and view-fetish, architects
can counter-program through shared horizontals, porous circulation, multi-scalar commons, and mixed-tenure
stacks that re-embed housing in social life [1]. Beyond design, professional levers exist: selective refusal of hyper-
financialized commissions [7], reforming award criteria to redirect prestige toward socially equitable projects,
engaging in policy advocacy to reform condominium laws and assignment-market transparency [18], and pushing
for digital ethics in rendering-driven assignment markets. The debate further raises unresolved questions: Do we
still need the building if its value trades primarily on renderings? Should we include a tree in the project if it does
not generate profit? What constitutes “use” when units are largely uninhabited? Where should the ethical line of
practice be drawn? And how might architecture reassert locality against the universalizing pressures of liquidity?

Soules argues that contemporary architecture “oscillates between being a dwelling and being a derivative,” and
stresses that the responsibility of architects is to tip the balance back toward the former. More broadly, the
translation of architecture into finance-compatible forms—iceberg basements, ex-urban mats, podium
megastructures, and super-slender towers—signals the transformation of housing into an asset class optimized for
liquidity [5]. Yet these forms are not destiny. By embedding design within social entanglements, architects and
planners can resist the reduction of architecture to a purely financial instrument. Ethical refusal of hyper-
financialized commissions, reforming award criteria to valorize equity, and advocating for legal and digital
transparency provide meaningful avenues for reorienting practice. The task ahead is to reclaim architecture’s civic
and ecological roles, ensuring that the subterranean futures of cities are shaped not only by capital but also by
commitments to justice and sustainability.
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DEVELOPING A DATA-DRIVEN BAYESIAN NETWORK MODEL FOR LAYOUT
PLANNING OF URBAN UNDERGROUND COMMERCIAL FACILITIES
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Abstract: Underground commercial facilities are intricately linked to urban public life, representing the most impactful use of
underground space within urban spatial systems. However, existing planning approaches for these facilities largely depend on
the subjective judgments of urban planners, resulting in considerable uncertainties in their development. To address these
limitations, this study developed a Bayesian Network model to extract valuable information embedded in a diverse array of
multi-source datasets of underground space and urban development. The modeling process combined machine learning
techniques and expert knowledge integrating the correlations among influencing factors such as population, commercial
vibrancy, transportation accessibility, GDP, land price and strategic locations. The average prediction error rates for the number
of floors and total development area of underground commercial facilities were 16.67% and 22.22%, respectively. Case studies
in Shanghai and Zhengzhou demonstrated the effectiveness and applicability of the proposed model for master planning of
urban underground commercial facilities. It is anticipated that the findings of this study will provide valuable guidance for the
sustainable use of urban underground space.

Keywords: Urban underground commercial space, Bayesian network, machine learning, expert knowledge, master planning

1. INTRODUCTION

In the urban underground space system, underground commercial facilities, such as catering, retail,
entertainment, leisure, and sports facilities, are closely integrated with urban public life and represent types of
underground infrastructure that have a profound impact on the urban spatial system. However, current planning
methods for the development and utilization of underground commercial spaces remain insufficient. The validity
of qualitative analyses is often subjective and challenging to verify. Meanwhile, existing quantitative analyses
generally rely on easily measurable data collected at the macro city level, making them less suitable for application
to land parcel-scale master planning.

Acrtificial intelligence technology facilitates efficient cleaning, structuring, and knowledge extraction from
massive urban multi-source data, offering new approaches for underground commercial space planning. Among
such methods, the Bayesian Network model is an effective tool for expressing and reasoning uncertain knowledge
(Meng et al., 2023), featuring an intuitive topological structure. This model has been applied in diverse domains,
including environmental studies (Ren et al., 2023; Liber et al., 2020), land use (Celio et al., 2014; Sahin et al.,
2019), and urban planning (Li., 2020; Xu et al., 2023). Therefore, the Bayesian Network model can extract valuable
information from urban development history and provide decision support for planning underground commercial
spaces.
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It is noteworthy that within the field of underground space planning, the application of Bayesian networks has
primarily focused on data aggregation and suitability analysis. The modeling approaches employed are generally
expert knowledge-based, meaning that the network topology and conditional probability tables are mostly derived
from expert experience, with limited integration of actual multi-source urban data. The validity and rationality of
expert knowledge cannot be disputed, particularly when tackling the complex challenges of urban underground
space planning, as experts in relevant fields generally consider multiple intricate factors to generate reasonable
planning recommendations. However, models built solely on expert experience may be more subjective and
susceptible to errors when applied to real-world complex problems. With the advent of the big data era, cities have
accumulated vast amounts of multi-source data, the potential value of which has often been overlooked in previous
research.

To address the limitations of subjective planning approaches, this paper leverages a rich array of urban multi-
source data, including underground space development data such as the number of floors and the total development
area, and ten influencing factors, such as population, commercial vibrancy, transportation accessibility, GDP, land
price, etc., to develop a Bayesian Network model to uncover valuable information embedded within underground
commercial space datasets. Case studies from two representative Chinese cities, Shanghai and Zhengzhou,
demonstrate the effectiveness and applicability of the developed model in the master planning of underground
commercial facilities. The objective of this study is to explore and develop a novel master planning method for
underground commercial space and to promote the sustainable use of urban underground space.

2. BRIEF OVERVIEW OF THE CASE STUDY AREAS

(1) Shanghai

This study focuses on Shanghai as a case study to construct and optimize a Bayesian Network model for the
master planning of underground commercial facilities, with the aim of providing useful guidance for other Chinese
cities, such as Zhengzhou, by leveraging Shanghai’s advanced underground space development experience.

Covering an area of 6,833 km? and home to over 24 million residents, Shanghai serves as China's international
center for economy, finance, trade, shipping, and scientific and technological innovation. Shanghai has played a
pioneering role in the development and utilization of urban underground space in China. To date, the utilization
of urban underground space in Shanghai has exceeded 155 million m? and includes the world's largest underground
rail transit network, intricate underground motorways, and prominent underground complexes with interconnected
commercial facilities.

Underground commercial projects (e.g. underground shopping malls) were selected based on actual
performance metrics calculated using social media data on Dazhong Dianping platform (Yang et al., 2022),
integrating visitation rates and average per capita consumption. Following the calculation of performance for each
project and the subsequent exclusion of low-scoring projects, 180 projects with higher performance were selected
as the analysis cohort for this study. The spatial distribution of the selected projects is depicted in Figure 1.
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Figure 1. Spatial distribution map of selected underground commercial projects in Shanghai
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(2) Zhengzhou

The city of Zhengzhou has been developing an underground space master plan since approximately 2020, with
a primary focus on underground commercial facilities. This study aims to leverage the established practices of
Shanghai, utilizing Bayesian Network modeling, to inform the long-term planning of underground commercial
facilities in Zhengzhou. Furthermore, the case of Zhengzhou will be employed to evaluate the transferability of
the prediction model, which is based on development experience of Shanghai, to other urban contexts.

Zhengzhou City, the capital of Henan Province, encompasses an area of approximately 7,567 km? and has a
resident population of 12.8 million. The development of underground space in Zhengzhou has experienced a
substantial expansion. By the end of 2020, the total underground space developed in the main urban area of
Zhengzhou reached approximately 43.8 million m?2.

The master plan for underground space utilization in Zhengzhou outlines 45 underground commercial projects,
as depicted in Figure 2. The detailed planning parameters will be determined using a Bayesian Network model.
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Figure 2. Distribution of planned underground commercial projects in the main urban area of Zhengzhou

3. METHODS
3.1. Bayesian Network modeling

The construction of the Bayesian Network model is divided into two key components: the topology G and the
probability distribution @. The topology G of a Bayesian Network model is a directed acyclic graph, where
"directed" signifies that the network structure has a logical, irreversible order, and "acyclic" indicates the absence
of loops within the network structure. Nodes in the topology are classified into parent nodes (influencing factors)
and child nodes (target variables). These nodes are connected such that parent nodes direct influence towards child
nodes. Each node represents a variable and can exist in a finite number of mutually exclusive states. The probability
distribution © of the Bayesian Network model represents the conditional probability table (CPT) for each node X;
given its parent set pa (Xi). The CPT reflects the strength of the relationship between the state X;jand states of pa
(Xi). With the topology and probability distribution of the Bayesian network specified, the joint probability for a
subset of nodes X conforming to the Markov independence criterion is representable as shown in Equation (1).

P(X, X X,) = TPCX, [ Pa(X,) ®

Generally, three main approaches are commonly used to construct Bayesian Network models (Ren et al., 2023;
Meng et al., 2023; Chen et al., 2024; Zhao et al., 2024): expert knowledge-based modeling, data-driven (machine
learning) modeling, and hybrid modeling combining expert knowledge with machine learning. Each approach
presents inherent advantages and disadvantages. Expert knowledge-based modeling is inherently subjective and
prone to inaccuracies when dealing with complex systems. Machine learning modeling is free from subjective
biases, as the network topology and CTPs are entirely determined by the data. Characterized by strong objectivity
and ease of implementation, this approach may yield inaccurate models when data are limited, which is a common
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challenge in urban planning scenarios. Hybrid modeling, incorporating expert knowledge with machine learning,
introduce some subjectivity and require a clearly defined relationship between parent and child nodes. For this
data-driven study, machine learning-based modeling and hybrid modeling were explored, and evaluated based on
resulting prediction accuracies. Netica was selected as the Bayesian Network modeling and analysis software.

(1) Machine learning modeling

This study utilized the Tree Augmented Naive Bayes (TAN) algorithm for machine learning-based modeling.
Compared to the Naive Bayes algorithm, TAN effectively manages dependencies without fully abandoning the
independence assumption, thus enhancing classification performance. TAN is recognized for its performance in
practical applications, particularly in scenarios with feature dependencies.

In this study, the TAN algorithm was employed to account for interdependencies among influencing factor
nodes. The core principle of TAN involves incorporating interdependence information between attributes in a
moderated manner, thereby mitigating complex joint probability calculations without completely disregarding
significant interdependencies. Specifically, TAN adopts the "One-Dependence Estimator" strategy, where each
attribute depends on at most one other non-class attribute. In the context of this study, this implies that each
influencing factor node can have, at most, one other influencing factor node as a parent, in addition to the target
variable node.

(2) Hybrid modeling combining expert knowledge with machine learning

This approach comprised two principal steps: network structure determination and CPT learning. Network
structure determination relied on expert judgment, whereas CPT learning was primarily data-driven.

a). Network structure optimization

In the network structure determination stage, directly connecting each of the ten influencing factor nodes to
the target variable node, as in a Naive Bayes network, would have resulted in an impractically large state space for
the target variable node (e.g., as will be stated in Section 3.3, it would be 27X 3% = 3456 states for this study). This
state space could not be adequately populated by the available dataset less than 180 cases. Equalizing CPT values
for uncovered states would have substantially compromised the model's accuracy and validity. To address this,
this study systematically categorized the influencing factors based on their impact on development effectiveness,
the strength of logical association between factors, and inter-factor correlation. Based on this classification, four
intermediate nodes (T1—T4) were introduced to connect the influencing factor nodes to the prediction target
variables, creating a more scientifically sound analytical framework. The states of these intermediate nodes were
determined by logical inference based on the states of their parent nodes. Furthermore, Spearman's rank correlation
coefficient analysis was performed to quantitatively assess the correlation between influencing factors. Influencing
factors exhibiting a Spearman’s rho greater than 0.7 (indicating strong correlation) were connected within the
network structure, ensuring that the model topology reflected intrinsic relationships among variables.

b). CPT optimization

In addition to leveraging expert knowledge during the network structure establishment, the extent of expert
input was also adjustable during the CPT determination stage for intermediate and target variable nodes. This
strategy aimed to further improve the model’s reliability and performance. The approach sought to maximize the
complementary strengths of expert experience and machine learning techniques, thereby enhancing the overall
modeling effectiveness. Three optimization attempts were conducted in this study, varying the degree of expert
knowledge integration during the optimization of the hybrid model.

Optimization Test I: Maximum Expert Knowledge Integration. The CPTs for both intermediate and target
variable nodes were derived entirely from the sequential analysis method (G1 method). Weight calculations for
each node were based on expert knowledge in underground space planning, independent of the case study data.
Only the CPTs of the influencing factor nodes were based on the actual case study. Under this configuration, the
intermediate and target variable nodes were limited to two states (0 and 1).

Optimization Test I1: Moderate Expert Knowledge Integration. The state values of the intermediate nodes
were calculated using the node weights of the influencing factors, as determined by the sequential analysis method
(G1 method). These intermediate nodes were then reclassified based on the calculated state values. Finally, sample
statistics for each node were learned using the Incorp Case File function in Netica.

Optimization Test I11: Minimum Expert Knowledge Integration. A four-classification natural breakpoint
method was applied to classify the intermediate nodes, with state judgments based on the parent node states. This
optimization model resembled the initially established combined model, but with a greater number of intermediate
node classifications to accommodate different combinations of parent node states. Consequently, merging different
parent node states based on subjective expert opinion was unnecessary. The CPTs of the intermediate nodes were
obtained using the Incorp Case File function, without the incorporation of expert knowledge.
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(3) Determination of prediction model

The prediction models for the three selected target variables were determined in two steps. First, for each target
variable, the model type exhibiting the lowest average error rate among the five model types was selected. Second,
within this selected model type, the model group with the lowest prediction error rate among the ten model case
groups partitioned using K-fold Cross Validation was chosen as the final prediction model.

3.2.  Nodal indicator selection for Bayesian Network modeling

(1) Target variables: Key planning parameters for underground commercial space

The purpose of this study is to explore and develop a novel master planning methodology for underground
commercial spaces, in which the number of floors and the development area serve as the key planning indicators
(Peng et al., 2019; Qiao et al., 2022). In this study, we initially considered six target variables related to these
aspects. However, due to length constraints, this paper presents only the two most significant and predictable
variables (as demonstrated by the research results) including the number of floors (Y1) and the total development
area (Y2). These two variables were modeled as target variables in the proposed framework.

(2) Influencing factors of underground commercial space development

Existing research on the development and utilization of underground commercial facilities has investigated
various factors affecting its scale, development form, and functions (Kaliampakos et al., 206; Ma et al., 2022; Li.,
2020; Peng et al., 2023; Qiao et al., 2024). It can be concluded that factors influencing the development of
underground commercial facilities include population size, transportation infrastructure, location, economic
conditions, as well as planning policies. Since the actual performance was used as a key case selection criterion in
this study, the parent nodal indicators identified as those with direct visitation and price-setting impacts on the
performance of underground commercial projects. A system of influencing factors was established based on the
general factors affecting underground space development and utilization, as summarized in Table 1.

Table 1. Influencing factors of Bayesian Network modeling for underground commercial facilities

Categories Influencing factors Notations units
Population density Xi persons/km?
Commercial density Xz POIs/km?
Visitation- | Connectivity to underground rail transit stations X; /
related Shortest distance to rail transit stations Xu km
Density of bus stops Xs stops/km?
Road network accessibility Xs /
Benchmark land price X7 yuan/m?
Pricing- Gross Domestic Product (GDP) Xg yuan/km?
related Floor area ratio (FAR) Xo /
Public activity central system Xio /

3.3. Data collection and pre-processing

(1) Data collection

Data representing the influencing factors were collected through multiple sources. "Population density (X1)"
was derived from an online open-access dataset. "Commercial density (X2)" was derived from a kernel density
map of points of interest (POIs) for shopping services. "Connectivity to underground rail transit stations (Xs)" and
"Shortest distance to rail transit stations (Xa)" were derived from Amap and online surveys. "Density of bus stops
(Xs)" was derived from kernel density maps of POIs for bus stops. "Road network accessibility (Xe)" was derived
from segmentation analysis of Shanghai's major road networks using the spatial syntax platform Depthmap.
"Benchmark land price (X7)" was derived from official land price documents issued by the Shanghai Municipal
Government. "GDP (Xsg)" was obtained from an online open-access dataset. "FAR (Xo)" was obtained from online
measurements or open-access datasets on Amap. "Public activity central system (Xi0)" was sourced from city
planning documents issued by the Shanghai Municipal Government.

The data used for target variables were collected from project-specific on-site measurements utilizing the Amap
Online Measurement Tool and web searches.
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(2) Data pre-processing

a). Data discretization

In Bayesian Network models, a greater number of states per node necessitates a larger number of training cases
to adequately cover all states. Given that this paper's analysis was based on a subset of underground commercial
projects in Shanghai, and the final dataset comprised only 180 cases, data discretization was performed to reduce
the number of states per node. This method ensured effective model outcomes.

The categorization of each parent and child node data is shown in Table 2. Initial cutoff values were derived
using the natural breakpoint method and subsequently refined through the incorporation of expert knowledge.
Spearman's rank correlation analysis and spatial stratified heterogeneity analysis were conducted on the project
performance data. The results indicate strong connections between the actual performance of selected cases and
three influencing factors: Population density (X1), Shortest distance to rail transit stations (X4), and Benchmark
land price (X7). Consequently, these three factors were categorized into three classes, whereas the remaining
influencing factors and target variables were categorized into two classes.

Table 2. Data discretization for influencing factors and target variables

Factor Units Number of Classification range and representative values
notations classes 0 1 2
Xi persons/km? 3 [972,10000] [10000,25000) [25000,51816]
Xz POIs/km? 2 [198.8,800] [800,1562]
X; / 2 disconnection connectivity
Xa km 3 (0.3,24.2] (0.1,0.3] [0,0.1]
Xs stops/km? 2 [0,10) [10,24.1]
Xs / 2 [1.04,1.25] [1.25,1.52)
X7 yuan/m? 3 [192, 2000] [2000,4000] [4000, 6701]
Xz yuan/km? 2 [538,40000] [40000,89509]
Xo / 2 [0,5.5) [5.5, 38.29]
Xo / 2 (3,10] [1,3]
)4 / 2 1 >2
> m? 2 [1680,15000] [15000,113419]

b). Grouping of cases using K-fold cross validation

To evaluate the overall performance of the Bayesian Network model and to identify a model with a low
prediction error rate, this study employed the cross-validation method for model training. The core principle of
cross-validation involves assessing model performance through a judicious partitioning of the available data.
Specifically, the dataset is divided into two subsets: a training set, used to train the model, and a validation set,
used to evaluate the trained model's performance. By alternating the roles of the training and validation sets, this
process enables an objective and accurate assessment of the model's strengths and weaknesses. Considering the
accuracy of the validation method and the computational demands of modeling, this study employed K-fold cross-
validation to train the Bayesian Network model. This involved partitioning the original dataset into K groups, using
each subset as a validation set in turn, and the remaining K-1 subsets as a training set. The cross-validation
procedure was repeated K times, with each subsample validated once.

In this study, the selected 180 cases were randomly partitioned into ten groups of 18 cases each. In each
iteration, one group was designated as the validation set (“validation group X"), and the remaining nine groups
(162 cases) were used as the training set (“training group X"). This cross-validation process was repeated ten times,
resulting in ten Bayesian Network models with differing parameters. The average error rate of each model was
used to evaluate its overall performance, and the model exhibiting the lowest error rate was selected as the final
prediction model.

4. RESULTS
4.1.  Model building results

(1) Modelling results using TAN algorithm
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Due to the large number of model iterations and repetitive operations, we present "the number of development
layers (Y1)" as the target variable node and utilize the training and validation data from the first group for

subsequent demonstration purposes.

In Netica, the model shown in Figure 3 was directly constructed using the "Learn TAN Structure™ function.
With "Number of underground floors (Y1)" selected as the target variable, the data from the 18 validation cases in
"Validation Group 1" were input using the "Test With Cases" function provided by Netica, resulting in a model

prediction error rate of 38.89%.

0
1

The modeling operation was repeated for the remaining nine datasets, and the average error rate of the TAN
model for the target variable "Number of floors (Y1)" was calculated after obtaining the error rate for each group.
By replacing the target variable nodes and following the same procedure, the model error rate and average error
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Figure 3. Demonstration of Tree augmented Naive Bayesian Network (TAN) structure

rate for each group of target variable "Total development area” Y, were obtained (see Table 3).

(2) Hybrid modeling results: network structure optimization

This optimization strategy of introducing four intermediate nodes (T:—T4) enabled the model to maintain a
better training effect under the limited sample condition (N = 162). The final model structure constructed based
on this strategy is shown in Figure 4. This network structure not only ensured the integrity of the correlation

relationships between variables but also enhanced the computational efficiency and stability of the model.
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Following the same method of CPT learning described in the previous section, ten groups of training data were
input into the model to train the respective node CPTs. The corresponding validation cases for each group were
then input for validation using the "Test With Cases" function, and the error rates and average error rates for each
group of models were obtained, as shown in Table 3.

By comparing the results of TAN modeling and hybrid modeling in Table 3, it was observed that, overall, the
two approaches possess distinct advantages and limitations. Their prediction error rates for different target variable
datasets exhibited some variability, suggesting the potential for further optimization through parameter tuning.

(3) Hybrid modeling results: CPT optimization

A comparison of the average error rates for the predictions of the TAN model, and the hybrid model, and the
three optimization test models developed in Section 3.1 for each target variable node is presented in Table 3. The
optimization attempts involving adjusting the degree of expert experience to incorporate CPT yielded improved
prediction results for target variables Y1, and Y.

Ultimately, the prediction models identified for target variables Y1, and Y, are presented in Table 4.

Table 3. Bayesian Network models and average error rates (%)

Target variables

Y1 Yz Y1 Yz Y1 Y2 Yl Yz Yl Y2
1 38.89 | 38.89 | 33.33 | 38.89 | 33.33 | 44.44 | 33.33 | 38.89 | 38.89 38.89
2 33.33 | 33.33 50 33.33 | 27.78 | 66.67 50 33.33 50 22.22
3 38.89 | 55.56 | 16.67 | 55.56 | 22.22 | 44.44 | 16.67 | 55.56 | 16.67 44.44
4 50 27.78 | 38.89 | 33.33 | 33.33 | 66.67 | 38.89 | 33.33 | 27.78 33.33
5 37.78 | 38.89 | 38.89 | 33.33 | 33.33 | 61.11 | 38.89 | 33.33 | 27.78 38.89
6 38.89 | 38.89 | 55.56 | 44.44 | 44.44 | 5556 | 55.56 | 44.44 | 44.44 44.44
7 16.67 | 33.33 | 38.89 50 44.44 | 38.89 | 38.89 50 33.33 44.44
8 4444 | 4444 | 27.78 | 27.78 50 7222 | 27.78 | 27.78 | 44.44 38.89
9 22,22 | 38.89 | 33.33 | 33.33 | 33.33 | 7222 | 33.33 | 33.33 | 38.89 22.22
10 44.44 | 66.67 | 38.89 50 38.89 | 61.11 | 38.89 50 27.78 44.44
Average 36.56 | 41.67 | 37.22 | 39.99 | 36.11 | 58.33 | 37.22 | 39.99 | 35.00 37.22

Table 4. Determined prediction models

Predicted target variables
node
Y1 Y2
Selected model Optimization Test 111 Group 3 Optimization Test 111 Group 9
Prediction error rate 16.67% 22.22%

4.2.  Application results to the main city of Zhengzhou

(1) Modeling results with Zhengzhou data

The same method as in the previous section was employed to collect representative data for the ten influencing
factors of the two types of predicted objects. However, the data for "FAR (Xo)" could not be collected because
some of the predicted objects had not yet completed construction; thus, this value was left vacant and replaced by
the CPT inherent in the Shanghai model. Additionally, a model for Zhengzhou City was established to compare
with the Shanghai model identified in Table 4. The results are shown in Table 5.

In Table 5, "Zhengzhou TAN model" and "Zhengzhou hybrid model" were trained using data collected and
screened from 60 case studies of underground commercial projects in Zhengzhou. The "Shanghai model
(Zhengzhou standard)" and "Shanghai model (Shanghai standard)" were trained by applying data from the same
60 Zhengzhou underground commercial projects to the Shanghai model selected in Table 4. However, given the
differences in development status between Shanghai and Zhengzhou, the classification criteria for nodes were
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categorized using two standards: "Shanghai standard” and "Zhengzhou standard." Furthermore, because the
collected underground commercial projects in Zhengzhou are primarily developed with only one underground
floor, and the few projects with two underground floors are concentrated in the core of the main urban area, the

prediction error rate for the "number of floors (Y1)" was 3.33% across all models, rendering these prediction results
of limited comparative significance.

Table 5. Comparison of average error rates of various Bayesian Network models (%)

Target variables
Models
41 Y>
Zhengzhou TAN model 3.33 48.33
Zhengzhou hybrid model 3.33 53.33
Shanghai model (Zhengzhou standard) 3.33 38.33
Shanghai model (Shanghai Standard) 3.33 28.33

Comparison of the models reveals that the error rate of the Shanghai model using Zhengzhou data is lower than
that of the TAN model and the hybrid model employing Zhengzhou data. This suggests that the Shanghai model
is suitable for predicting key indicators of underground commercial space allocation in Zhengzhou.

(2) Modeling results of key planning parameters

Processed data for the influencing factor nodes were substituted into the "Optimization Test 111 Group 3"
model, as identified in Table 4, to predict the target variables. The prediction results for the underground
commercial projects in Zhengzhou are shown in Figure 5. Overall, the prediction of the "number of floors (Y1)"
indicates that, in the development of underground commercial space in the main urban area of Zhengzhou, nearly
all underground spaces are suitable for the development of the first underground floor. Only certain plots in the
core area, such as the Garden Road Commercial Center and the North Longhu Financial Center, are suitable for
the development of a second underground floor.

Predicted two floors by Zhengzhou standard

Predicted one floor by both standards

4
Y
i
1
o
A
1
[}

Planned development centers
Planned vitality belt

Planned development axis
Planned development sub-axis
Boundary

Planned key areas

Water

Figure 5. Distribution of predicted "Number of floors (Y1)" for planned underground commercial projects

Processed data for the influencing factor nodes were substituted into the "Optimization Test 111 Group 9" model
to predict the target variable "Total development area (Y2)". Y2 is a binary classification variable, with a
development area of 15,000 m? serving as the cutoff point. A predicted area larger than 15,000 m? was classified
as "large development area," whereas a smaller area was classified as "small development area." The prediction
results for the underground commercial projects are presented in Figure 6. According to the Shanghai standard,
projects with an underground commercial space development area exceeding 15,000 m? were all located in the

periphery of the main city. The predicted underground commercial space development area for projects in the core
area of the main city was less than 15,000 m?.
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Figure 6. Distribution of predicted "Total development area (Y2)" for planned underground commercial projects

5. DISCUSSIONS

This study explored the application of machine learning and expert knowledge-based machine learning models
for predicting underground commercial space development in Shanghai and Zhengzhou. The results reveal several
key insights regarding model accuracy, influential factors, and implications for future development strategies.

(1) Model accuracy and limitations

The machine learning-based approach exhibited limited accuracy, potentially due to two primary factors. First,
the relatively small dataset (N = 162) may have hindered the model's ability to generalize and extract a robust,
representative model. Second, the selection of influencing factors might not have been sufficiently comprehensive.
Variables affecting the target variables beyond the scope of the master plan were potentially excluded from model
consideration.

The hybrid model demonstrated similarly limited accuracy, with challenges arising not only from the dataset
size and factor selection, but also from aspects of the expert elicitation process. Specifically, the subjective nature
of expert judgments, the number of classifications for intermediate node states, the definition of classification
criteria, and the method of CPT generation likely influenced overall model performance.

Further analysis of the Zhengzhou model revealed an error rate higher than observed in the Shanghai model.
This discrepancy may primarily stem from differences in sample size. The Zhengzhou dataset contained only 60
available cases. Given the determined prediction model structure, which included three intermediate nodes with
four-classified states each, the resulting state space for the target variables comprised 64 (4°) possibilities. The
limited sample size (60) likely resulted in sparse data, preventing adequate coverage of all possible state
combinations. Consequently, the state CPTs corresponding to some less-realistic cases may have been
characterized by an average distribution. This data sparsity can lead to model training converging towards a
homogeneous distribution of conditional probabilities, impeding accurate parameter estimation through Bayesian
Network learning. Therefore, the limited sample size directly impacts the generalization capabilities of the model,
potentially explaining the relatively high error rate observed in the Zhengzhou model.

(2) Implications for urban planning and future development

Across the analysis, projects suitable for two-floor underground development largely coincided with areas
where influencing factors exhibited a "high status" favoring such development. Even in instances where one factor
was not at its highest level, the corresponding project area typically demonstrated high values across other
influencing factors. This finding underscores that the predicted number of development floors is not primarily
determined by a single factor, but rather by a combination of influential variables. This multi-faceted approach
coincides with established underground space development in Zhengzhou.

In the forecast results of the Zhengzhou standard, the forecast results of the development area of the projects
predicted to develop two floors in the previous section were all lower than 15,000 m?, and the areas with large
development areas of underground commercial space were all the projects previously predicted to develop only
one underground floor. The results revealed that projects with underground commercial space exceeding 15,000
m? were primarily located in the periphery of the main city center. Conversely, predicted underground commercial
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space in the core area remained below 15,000 m?, less than that of the periphery. Several factors might contribute
to these observations:

a). Historical development. Sites closer to the city center underwent development earlier with less emphasis
on integrated underground commercial space planning. This resulted in smaller development areas. Projects
located in the periphery, developed later, benefited from greater consideration of the potential role of underground
spaces in addressing urban challenges.

b). Density and functional integration. The prediction results suggested a compact and integrated layout in
city center and a spacious single-floor layout in the city's periphery. This analysis revealed that underground space
planning should be conducted differently with focus on high-density connections in city center and space
abundance in city's outskirt. Aligned with this rationale, Zhengzhou might further explore the development of two-
layer underground public service spaces in the identified core areas.

6. CONCLUSIONS

This study developed a Bayesian Network model to predict the allocation of underground commercial space
resources using multi-source underground space and urban development data. The model was empirically applied
to Zhengzhou City’s planning context, drawing insights from existing studies and case data. The main findings
and conclusions are summarized as follows:

(1) Utilizing data from 180 underground commercial projects in Shanghai, multiple Bayesian Network models
were constructed through K-fold cross-validation. The optimal model was selected based on the average prediction
error rates, which were 16.67% for the number of floors and 22.22% for total development area. These key
parameters served as the primary target variables for the modeling process.

(2) In the modeling process, strongly correlated nodes were connected to reflect their inter-relationships.
Hybrid modeling combining machine learning with expert knowledge yielded more accurate and efficient models,
especially when data were limited, outperforming models built solely on machine learning methods.

(3) Representative data from existing underground commercial projects in Zhengzhou were collected following
the same approach used for Shanghai. A Bayesian Network model was established based on these local cases.
Comparative analysis revealed that the Shanghai model effectively predicts key indices of underground
commercial space allocation in Zhengzhou's main urban area, indicating its suitability for underground commercial
space planning applications in other cities.

(4) The prediction results from the Bayesian Network model align well with the actual development trends in
Zhengzhou’s main urban area. Planning simulations of underground commercial projects suggest that underground
commercial space in the core urban area tends to be relatively small (less than 15,000 m?), whereas peripheral
areas tend to feature larger developments.

Finally, it should be noted that this research faces certain limitations, including constraints related to the data
availability, dataset size and the coverage of influencing factors. Future work should aim to incorporate a broader
range of influencing factors, enhance the accuracy of the underlying data, and expand the scope of analysis. Such
efforts will provide more reliable decision-support tools for underground commercial space planning and the
sustainable use of urban underground space resources.
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EXPLORATION OF IMPLEMENTATION PATHWAYS FOR UNDERGROUND SPACE
PLANNING IN KEY URBAN AREAS

Jian SUN!, Min WANG?

Abstract: The rational development and utilization of urban underground space is a crucial approach to optimizing spatial
resource allocation. This study focuses on key urban districts, drawing on the characteristics of underground space development
in internationally exemplary regions. Combining practical insights from China, it summarizes existing issues encountered
during the planning and implementation process of underground space projects. Four key influencing factors—regulatory
systems, organizational management, spatial information, and technical methods—are identified. An integrated pathway for
enhancing urban underground space planning is proposed, comprising top-level design, organizational management,
information coordination, and technical execution. The analysis of international case studies broadens research perspectives,
and the proposed implementation strategies offer valuable insights for the planning and management of similar urban key
district development projects.

Keywords: urban underground space planning, regulatory systems, organizational management, spatial information, technical
methods

1. INTRODUCTION

Under the era of high-quality development, China's urban planning and construction are transitioning from
incremental expansion to the enhancement of existing stock. In recent years, China has successively issued several
policy documents, including the "Opinions of the Central Committee of the Communist Party of China and the
State Council on Establishing a Land and Space Planning System and Supervising Its Implementation,” the
"Opinions of the General Office of the Central Committee of the Communist Party of China and the General Office
of the State Council on Comprehensively Strengthening Resource Conservation," and the "Guiding Opinions of
the Ministry of Natural Resources on Exploring and Promoting the Development and Utilization of Urban
Underground Space.” These documents set higher standards for underground space development, planning, and
implementation.

Globally, the development of underground space originated in 18th-century Britain with the construction of
subways. Countries and regions such as Japan and Canada have accumulated extensive experience in policies,
regulations, planning systems, and practical applications related to underground space development. In mainland
China, underground space development began in the 1950s with the construction of bomb shelters and
underground storage facilities for wartime preparedness. This evolved from the opening of Beijing's subway in
19609 to large-scale development driven by rail transit during the "Twelfth Five-Year Plan" period, and further into
networked development during the "Thirteenth Five-Year Plan." Currently, the utilization of urban underground
space in China exhibits multi-layered spatial characteristics and diversified functional features [1].

Numerous scholars have built a substantial research foundation around urban planning implementation.
However, most existing studies focus on traditional urban planning aspects, with limited in-depth exploration from
the perspective of underground space. This paper concentrates on the planning and implementation of underground
space in key urban districts. Based on an international perspective and the analysis of typical cases, it identifies
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the complex characteristics and implementation challenges of underground space development. A planning and
implementation pathway is proposed, encompassing "top-level design, organizational management, information
coordination, and technological support,” aiming to provide a reference for similar district development projects..

2. CHARACTERISTICS OF UNDERGROUND SPACE DEVELOPMENT IN KEY URBAN
DISTRICTS

2.1.  Attributes of Major Engineering Projects

The concept of key urban zones originates from the "Central Place Theory" proposed by German geographer
W. Christaller in 1933, emphasizing the significance of transportation location and influence on surrounding areas.
Projects within these zones exert extensive impacts on regional economic development, environmental
sustainability, and social progress, classifying them as significant local infrastructure projects [2].

Given that underground urban space is formed through artificial development of structures within subsurface
rock or soil layers beneath the surface, its development possesses inherent engineering attributes [3]. In Chinese
provincial and municipal regulations concerning underground space planning and management—exemplified by
the "Shenzhen Underground Space Development and Utilization Management Measures"—the definition of key
urban zones refers to areas designated as city centers, comprehensive transportation hubs, and similar regions.
Projects for underground space development in these zones are characterized by strategic importance,
advantageous transportation location, substantial land development potential, rapid progress requirements, and
high-quality integrated presentation. Such development constitutes a vital approach to expanding urban spatial
capacity.

2.2.  Project Complexity

The concept of project complexity was first introduced by Baccarini, who defined it as the heterogeneity and
interdependence among interacting components [4]. Qing hua He and colleagues developed a multidimensional
model of complexity for major Chinese engineering projects based on grounded theory qualitative research,
encompassing six aspects: institutional, environmental, organizational, technical, task-related, and social
complexity [5]. Due to their large scale, numerous subcomponents, multifunctionality, open spatial design, and
shared facilities, underground space development projects in key urban zones exhibit significant complexity in
planning, design, construction, and operational management.

1) Spatial Facility Complexity

The functional facilities within urban underground spaces are diverse, including underground transportation,
municipal utilities, public services, storage, and disaster prevention facilities. These encompass rail transit systems,
tunnels, underground garages, municipal pipelines, pedestrian passages, and commercial spaces. The necessity to
arrange multiple functions within confined environments requires precise assessment of construction conditions
and spatial layout—both horizontal and vertical—resulting in elevated safety risks and technical challenges.

2) Complexity of Stakeholders

The multifaceted nature of underground space facilities in key urban zones leads to numerous involved parties.
Stakeholders include government agencies, developers, design firms, construction enterprises, consulting
agencies, and suppliers. Different phases of project development involve varying stakeholders, and the complexity
is further compounded by issues of property rights, investment, and operational responsibilities related to
underground facilities, thereby increasing planning and implementation difficulties.

2.3. lrreversibility

Subterranean space constitutes an irreversible spatial resource, underscoring the critical importance of
scientific planning and sustainable development [7]. Compared to surface development, underground space
exploitation exerts long-term impacts on adjacent terrestrial and subterranean infrastructure and environmental
conditions. Unsystematic development of underground space may result in irrevocable losses to urban future
growth. Therefore, proactive planning of underground space layout and moderate development are of paramount
significance.
2.4.  Economic Correlation

1) High Development Costs
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Relative to conventional above-ground construction, underground engineering presents increased complexity
in hydrological, geological, and environmental conditions, introducing significant uncertainties into design and
implementation processes. Typically, underground space development incurs substantial costs. Recent trends favor
compact neighborhood configurations characterized by small blocks and dense street networks [8]. However, such
small parcel divisions, intricate architectural structures, and deep excavations lead to large-scale foundation pits
and support difficulties, indirectly elevating development costs. Additionally, underground construction is
constrained by the sequence of land transfer on the surface, complicating the synchronization of foundation pit
excavations [9].

In key urban districts with high surface building development intensity, the corresponding underground space
development scale is proportionally larger. Large-scale, complex foundation pit groups exhibit varied excavation
depths and shapes, with interwoven interfaces forming complex load-bearing support systems and numerous
shared enclosures. These projects pose substantial engineering risks, present numerous construction challenges,
and demand extensive management and coordination efforts from project stakeholders, with high requirements for
technical expertise.

2) Influence of Regional Economic Development

The development of underground space is significantly correlated with regional economic levels. Market
research indicates that, geographically, regions such as East China and South China—areas with higher economic
development—exhibit larger scales of underground space utilization and more mature development experience,
exemplified by cities like Shanghai, Beijing, and Shenzhen. These regions also demonstrate a strong association
with urban rail transit infrastructure. Cities with robust economic growth generally achieve higher standards in
underground space development, characterized by integrated utilization, combined civil and military functions,
and multifunctionality.

3. CHALLENGES IN THE PLANNING AND IMPLEMENTATION OF UNDERGROUND SPACE
IN KEY URBAN DISTRICTS

3.1. Institutional Framework

The management mechanisms require further refinement, and the planning system necessitates enhancement
[10,11]. The primary issues within the underground space regulatory framework include ambiguities in legal
definitions concerning operational rights and ownership, unclear legal entities, and inconsistent management
standards. Although many major Chinese cities have established foundational plans for underground space
utilization, their planning systems and content remain underdeveloped. The hierarchical clarity of underground
space planning is insufficient, particularly at the level of control detailed planning that serves as the basis for
administrative permits, where relevant provisions are notably lacking. Furthermore, the implementation of
planning faces challenges due to inadequate safeguard mechanisms, incomplete supporting policies and
regulations, disjointed planning, construction, and management processes, and a tendency to prioritize plan
formulation over execution and evaluation.

3.2.  Organizational Management

Issues of fragmented authority and management gaps are prevalent, necessitating further research into property
rights. Currently, there is a consensus among Chinese cities that urban underground space planning and
management fall under the jurisdiction of municipal urban and rural planning authorities. However, in practice,
issues such as sectoral segmentation, multiple management entities, and unclear responsibilities are prominent.
Effective utilization of underground space requires standardized regulation and coordination of various
underground facilities, including construction requirements, sequencing, and interrelations. The complexity of
planning, management, and implementation underscores the need for clear delineation of responsibilities among
supervisory agencies to ensure integrated oversight across departments.

3.3.  Spatial Information

Given the unique nature of urban underground spaces as enclosed environments beneath the surface, limitations
of traditional surveying technologies, and the historical lack of unified planning and coordination for development
zones and surrounding underground areas, there are notable deficiencies in early-stage statistical standards and
fundamental survey data. Challenges include inadequate integration and application of foundational underground
space data. The primary difficulty in managing underground space development information lies in acquiring
reliable baseline data, compounded by the underground environment’s inaccessibility to direct observation,
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incomplete urban underground information archives, and multi-agency management. Currently, only a few
Chinese cities maintain comprehensive and accurate databases on underground space utilization. Some cities have
incorporated underground space information management into local regulations to support refined urban
governance. For example, Chengdu and Kunming’s “Urban Underground Space Development and Utilization
Management Measures” explicitly assign responsibility for underground space information management to urban
planning administrative departments.

3.4. Technical Methods

Standardization of technical norms remains urgent, alongside the enhancement of management and technical
personnel capabilities. For most Chinese cities, underground space utilization remains a relatively unfamiliar
domain, requiring multidisciplinary expertise for effective management. Urban underground space planning is
characterized by spatial coordination and comprehensive integration. Due to the absence of unified methodologies
and technical standards, current practices are primarily exploratory at the local level, resulting in significant
disparities in planning outcomes. The lack of relevant policies, regulations, and detailed management guidelines
further complicates implementation. It is essential to strengthen legal guidance, supervision, and training for urban
planning authorities to familiarize them with emerging trends in underground space development, recognize the
importance of standardized planning and management under new conditions, and clarify departmental
responsibilities. Additionally, targeted professional training for administrative and planning personnel across
regions remains an urgent need.

4. EXPLORATION OF IMPLEMENTATION STRATEGIES FOR UNDERGROUND SPACE
PLANNING BASED ON CASE STUDY ANALYSIS
4.1.  Top-Level Design Pathway
By analyzing typical international case studies focusing on the development of distinctive features and
management mechanisms for underground space development, it is evident that the integrated utilization of

underground space underpins the high-precision development orientation of the district. The management
mechanisms require support from relevant policies and regulations, as outlined in Table 1.

Table 1. Top-Level Design of International Typical Cases in Subterranean Space.

Representative Area Develop distinctive Underground space management
project features mechanism
ng_hly Intensive Mature management regulations system,
Tokyo Japan integrated complete underground space plannin
Shinjuku P development of P g pace p g

stations and cities system

The integrated management system and

The world's largest ~ operational mechanism jointly established
Montreal Canada underground by the government and private enterprises;

pedestrian network  Integrating underground pedestrian
network into statutory planning
Funding from higher-level governments
and policy incentives for special
development zones; Developer prepares
development plan

One of the most
Canary Wharf Britain important financial
regions in the world

An underground Land spatial rights, spatial laws, and
Chicago America colorful dungeon incentives for building public passages
Pedway unaffected by weather  with plot ratio; Regional regulations
and motor vehicles  provide construction guidelines
The world's first
urban complexthat ~ Government functional departments have
ParisLa D é Erance combines no overlapping powers or superior
fense underground subordinate relationships; Mature

transportation with planning system
underground space
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CityLink Mall

Singapore's first air-
conditioned
underground

shopping mall,
subway commercial

Singapore

development

Land spatial rights, spatial laws, and
incentives for building public passages
with plot ratio; Draft plan for underground
space connectivity in the central urban
area and overall blueprint for urban

After years of exploration and practice, China has essentially established a legal and policy framework for
underground space development. Most cities have enacted regulations for the management and utilization of
underground spaces, providing detailed provisions for each specific issue. However, comparative analysis of legal
policies related to underground space in representative regions reveals that cities with relatively mature experience
in underground space development, such as Beijing and Shanghai, lack dedicated management regulations, such
as Beijing's relevant administrative measures and Shanghai's Planning and Construction Regulations, as shown in
Tables 2 and 3.

Table 2. Chinese laws and regulations concerning the development and utilization of underground space.

Classification

Name

national laws

Civil Air Defense Law of the People's Republic of China (October 1996), Land
Administration Law of the People's Republic of China (1998/2004), Property Law

of the People's Republic of China (October 2007), Urban Real Estate

Administration Law of the People's Republic of China (Revised) (August 2007),
Urban and Rural Planning Law of the People's Republic of China (January 2008)

National

regulations

Regulations on the Management of Urban Underground Space Development and
Utilization (Ministry of Housing and Urban Rural Development 1997/2001/2011),
Urban Planning Compilation Measures (Ministry of Housing and Urban Rural
Development 2006.04), Land Registration Measures (Ministry of Land and
Resources 2007.12), Housing Registration Measures (2008.02), Guiding Opinions

on Promoting the Construction of Urban Underground Comprehensive Pipe
Corridors (General Office of the State Council, November 2015), 13th Five Year

Plan for Urban Underground Space Development and Utilization (Ministry of
Housing and Urban Rural Development, June 2016), Guiding Opinions on
Strengthening Urban Geological Work (Ministry of Land and Resources, September

2017)

Table 3. Regulations on the Management of Underground Space in Typical Regions of China.

Representative

Region Management Measures for Underground Space project
Beiiin Management Measures for the Safe Use of Civil Air Defense Xiong'an Station
)Ing Projects and Ordinary Basements in Beijing Hub Area
. . . Shanghai Honggiao,
Shanghai Segg;ztilr(])nssh(;ﬂ tESiPlannmg and Construction of Underground Expo Zone B, West
P g Bund Media Port
Shenzhen  Shenzhen Underground Space Management Measures Qianhai, Baishizhou,
Chao-zong
Nanjing Man.e_lgemgnt Measures for the Utilization of Underground Space in Jiangbei New City
Nanjing City
Suzhou Managem_ent Measures for the Utilization of Underground Space in Suzhou Center
Suzhou City
. Management Measures for the Utilization of Underground Space in  Hanyu Golden
Jinan - .
Jinan City Valley
Management Measures for the Development and Utilization of .
Fuzhou new coastal city

Urban Underground Space in Fuzhou City (Trial)
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In summary, China has initially established a comprehensive institutional and regulatory management
framework for urban underground space development at both national and local levels. However, standards for
urban underground space development and management remain inconsistent. Compared to the policy support
mechanisms in developed countries and regions internationally, there is still a notable gap. It is therefore necessary
to further refine and systematically improve the urban underground space legal and regulatory system.

4.2.  Organizational Management Pathways

The development of urban underground spaces involves numerous stakeholders, necessitating a robust leading
authority to coordinate regional development and construction. Taking the Shanghai West Coast Media Port
underground space development project as an example, the government’s political characteristics, social influence,
and its discourse power in major construction projects—particularly those driven by government investment—
render governmental administrative governance as equally vital as market regulation. This results in a governance
framework that synergistically integrates “government plus market” mechanisms, which effectively promotes the
planning and implementation of construction projects, as illustrated in Figure 1 [12].

Government Departments

Relationship governance

Government
governance
(R T e S e e e e e R = T S R S S =
- Relationship !
i Underground governance Above—ground :
i owners owners :
L 1
1
1 Contract Contract I
i y i governance !
: governance Relationship i
. Architectural governance . . 1
! |Construction Desi Plot Design Construction| :
; esign 1
H 1
i 1
! 1

Figure 1. Governance Mechanism of the Shanghai West Bank Media Port Project[12].

Underground space development projects in key urban districts typically exhibit a dual collaborative structure
involving government and enterprise entities, with coordinated participation from planning agencies, master design
units, consulting firms, and overall control organizations. Regarding project stakeholders, the principal can be the
government, a platform company, or a land parcel developer. Taking the Shenzhen Bay Super Headquarters Base
as a case study, the project initiates development and construction mechanisms during the decision-making phase
by establishing a command center and designating a comprehensive development and operation entity—namely,
a municipal state-owned enterprise—and forming a strategic implementation platform company for the district.
The process involves identifying appropriate construction models to balance the interests of government, investors,
builders, operators, and users, thereby establishing an efficient decision-making framework.

4.3. Information Integration Pathways

In the context of the digital economy era, to thoroughly implement the Chinese government's strategic
directives for building a "Cyber power," "Digital China," and "Smart Society," most Chinese cities have introduced
strategic plans to advance digital and smart city development. The most representative achievement is the
application of underground space information management through BIM, GIS, and CIM digital platforms during
project design, construction, and operational maintenance phases, as illustrated in Figure 2.
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Figure 2. Comprehensive digital management of the entire process of urban underground space design, construction, and
operation and maintenance.

In addition to ensuring the effective utilization within the industry sector by government agencies and related
operational maintenance units, there is also significant potential to leverage underground space information in
other domains such as project development, design, construction, safety, and disaster prevention. Under the
premise of safeguarding data security and confidentiality, it is recommended to maximize public access to
information regarding underground spaces that impact people's livelihoods. Collaborative research with relevant
scientific and educational institutions on underground space information management, along with the development
of new systems and the adoption of innovative technologies, represents the future direction of underground space
information management.

4.4.  Technical Support Pathway

For design entities with strong comprehensive capabilities, the introduction of centralized control, along with
adherence to guiding principles and regulatory frameworks, is essential. Taking the Guangzhou Mingzhu Science
Park project as a case study, a detailed underground space planning approach was employed. The approved
"Textual and Graphical Regulations” serve as the legal basis for underground space planning approval and land
transfer. Additionally, relying on the detailed underground space plan as a preliminary negotiation platform
facilitates horizontal coordination among government departments, landowners, and project implementers, while
vertically integrating various professional design teams to ensure consistency of objectives and synchronization
of technical standards.

5.  RECOMMENDATIONS FOR IMPLEMENTATION PLANNING
5.1. Enhancement of Policy Mechanisms for Subterranean Space Development and Utilization

Firstly, streamline and integrate existing operational procedures for development and utilization, establishing
a comprehensive workflow encompassing planning, project initiation, approval, construction, acceptance,
operation, and maintenance of underground space projects. Secondly, for development models lacking clearly
defined procedures, conduct innovative research on mechanisms related to property rights attribution, investment
and financing modes, and operational maintenance frameworks.

5.2.  Strengthening Organizational Management of Underground Space Development
From planning formulation and approval to the selection of design entities, project development, and post-
construction operational management, reinforce the guidance of government authorities and foster market-oriented

collaboration, thereby forming context-specific organizational management models. Conduct in-depth studies on
interface delineation, rights management, and cost allocation among organizational elements.
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5.3. Establishment of a Three-Dimensional Underground Space Information Management System

Utilize multi-modal digital technologies such as BIM, GIS, and CIM to develop information databases and
system platforms, enabling comprehensive mapping of urban underground space development status. Effective
information recording and data management are crucial for collecting, organizing, storing, and sharing
underground space information. Additionally, address issues related to data ownership and sharing, clarifying the
responsibilities and rights of data custodians.

5.4. Enhancement of Technical and Management Training Programs

Implement specialized training mechanisms targeting government agencies, project owners, developers, design
firms, construction entities, and operational management units. Use benchmark demonstration projects as case
studies to systematically analyze and disseminate key challenges and focal points in underground space
development and management processes, thereby elevating the technical and managerial competencies of relevant
personnel.

6. CONCLUSION

Currently, in the era of stock renewal and digital economy, large-scale district-based development projects are
gradually declining. How to optimize and efficiently utilize urban three-dimensional space resources has become
a critical issue for urban planning, construction, and management authorities. This paper examines urban
underground space development projects from an international perspective, integrating practical project
development experiences. Using case study methodology, a strategic framework comprising "top-level design,
organizational management, information coordination, and technological support” is proposed. The development
and construction of underground spaces in key urban districts constitute a complex systemic engineering task.
Effective implementation of planning requires policy support and the concerted efforts of developers and project
stakeholders. The adaptability of organizational management models for underground space development remains
a subject warranting further in-depth research.
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PLANNING PUBLIC URBAN UNDERGROUND SPACES: CULTURAL AMENITIES IN
BELGRADE’S RIVERFRONT PARK

Marija LaloSevi¢!, Milica HadZi Arsenovié¢?, Ana Jovovié

Abstract: The increasing demand for urban space in dense city environments calls for innovative solutions to integrate public
amenities within limited areas. Underground space can serve not only for utility and transportation systems but also for public
facilities that blend uses that are suitable with underground space and those which are not. These innovative solutions create a
unique connection between above and below-ground spaces. This paper explores the planning and design of underground
spaces, focusing on their use for cultural amenities in city center green areas, placed in Belgrade, Serbia, along the banks of the
Sava and Danube rivers. One of the main questions is also how underground spaces can be strategically utilized to enhance
urban landscapes while preserving and enhancing green spaces above ground. The paper discusses how the planning of
underground urban spaces must consider human needs, creating a balanced relationship between subterranean uses and public
accessibility. Case study is used to explore how the integration of underground cultural spaces can enrich public urban life,
foster cultural engagement, preserve valuable green areas in city center and contribute to sustainable urban development.
Through this exploration, the aim is to define the human measure for planning such spaces, considering factors like comfort,
light, ventilation, and connectivity with the urban environment.

Keywords: cultural amenities, underground urbanism, public underground spaces, urban sustainability, public use

1. INTRODUCTION

The challenge of limited urban space in rapidly growing cities demands innovative approaches to spatial
planning, especially for public amenities that support cultural engagement. The governance of spatial development
and construction land use in urban areas, characterized by territorial, economic and demographic expansion, has
become an exceptionally complex challenge, especially considering the market economy that prevails in all
spheres of society. Within such a system, construction land becomes an increasingly valuable commodity on the
market, which significantly influences the governance of its development. The greatest pressure in spatial terms is
concentrated in city centers, while in terms of land use functions, those most affected are public amenities that do
not generate profit but are of great importance to the community, such as green spaces and cultural facilities. The
challenge lies in the fact that these amenities are most needed precisely in central urban areas, where market
pressure on construction land is at its highest. Although this issue requires broader reflection and a reconsideration
of adapting the market functioning model, specifically, finding ways to restrain it in certain segments, it is
inevitable that we face the necessity for increasingly rational use of construction land in central urban areas.
Underground urbanism offers an opportunity to optimize the use of city space by developing subterranean areas
not only for technical infrastructure but also for cultural and public uses. Integrating underground spaces into urban
parks presents a dual benefit: preserving above-ground green areas while enriching urban life below ground.

However, it is important to acknowledge that activating underground spaces and modifying it to accommodate
human presence brings several challenges that need to be addressed, considering that such spaces are not a natural
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human habitat and do not provide all the essential needs necessary for human life and health. When it comes to
specific functions, however, the situation differs, as certain conditions that may be unsuitable for human occupancy
can, conversely, prove highly suitable for particular uses. This is often the case with factors such as limited or
absent natural light, air humidity levels, temperature, and similar environmental conditions. Museological and
other cultural programs, as well as certain attraction-based functions, represent examples of public amenities that
may be appropriately accommodated within underground or semi-subterranean spaces.

Recent global examples demonstrate the successful integration of underground museum spaces within urban
parks, blending cultural experiences with green landscapes. The use of underground spaces responds to increasing
urban densification, providing an alternative layer for public and cultural activities without compromising the
city’s ecological and recreational values.

Besides international precedents, understanding the local urban planning and decision-making processes is
essential. Effective integration of underground cultural spaces requires careful coordination of strategic urban
development and consideration of the quality of planning proposals (Danilovi¢ Hristi¢ & Lalosevi¢, 2019). The
planning process must balance technical, environmental, and social aspects to achieve sustainable outcomes
(Lalosevi¢ & Hadzi Arsenovi¢, 2025). Recent studies highlight that participatory planning and multi-stakeholder
engagement significantly improve the adaptability and resilience of underground urban spaces, ensuring they meet
both current and future urban demands (Costa et al., 2024).

2. MATERIAL AND METHODS

This research employs a qualitative case study approach, analyzing the urban concept and architectural plans
of Park Us¢e in Belgrade, with a focus on the Natural History Museum’s and the City Aquarium underground
facilities. The study is supported by a review of international examples of museums integrated with parks and
waterfronts, as well as scientific literature addressing underground cultural spaces and urban public use.

Data sources include urban planning documents, architectural competition submissions, and technical project
descriptions from 2024. Secondary sources comprise scholarly articles on underground urbanism, cultural space
design, and urban park development.

The methodology combines spatial analysis, architectural critique, and literature synthesis to evaluate how
underground cultural spaces can enhance public use and urban sustainability.

3. EXAMPLES

International examples provide valuable insights into how underground spaces can be effectively utilized for
cultural facilities within park environments. These cases demonstrate innovative approaches to integrating built
structures with the natural landscape. At the same time, they preserve open public space above ground and enhance
both the cultural and experiential value of the site.

Several international projects exemplify innovative approaches to integrating cultural facilities within park
landscapes using underground or hybrid spatial strategies. The Vancouver Art Gallery Expansion plans
extensive underground galleries beneath a central public park, preserving the surface-level green space. This
integration enables a significant increase in exhibition capacity without compromising urban greenery and park
usability. Similarly, the Kumu Art Museum in Tallinn combines underground exhibition spaces with a
landscaped park environment. The design minimizes visual impact and protects surrounding parkland,
exemplifying the harmonious coexistence of cultural use and nature. The Pérez Art Museum Miami (PAMM),
situated in a waterfront park, blends outdoor public spaces and terraces with interior galleries, fostering strong
connections between art, landscape, and community. Its design enhances access to green space while offering
panoramic views of Biscayne Bay, reinforcing the museum’s role as an active and inclusive element of the public
realm.

Although the use of underground space for cultural purposes has become an increasingly widespread strategy
in contemporary urban design, historical examples demonstrate that this approach is not entirely new. A notable
case is the Louvre Museum in Paris, which represents a major cultural institution situated within a park-like
setting along the Seine River. The museum complex exemplifies a layered spatial relationship between above
ground and underground space. While the original palace structure defines the surface, a significant part of the
museum’s modern functions-including its main entrance, circulation areas, and exhibition spaces are located below
ground. The addition of the iconic glass pyramid in the late 20" century plays a essential role in articulating this
relationship: it physically and symbolically connects the subterranean spaces with the historic architecture above,
serving as a central point of access and orientation. In this way, it demonstrates how carefully integrated design
can reconcile heritage preservation with contemporary spatial demands, activating underground space without
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compromising the integrity of the existing urban fabric. This pivotal intervention was the result of an international
design competition, underlining the importance of open architectural processes in shaping culturally and
historically sensitive urban transformations.

Figure 1. Vancouver Art Gallery (source: Vancouver Art Gallery, Vancouver - Herzog & de Meuron | Arquitectura Viva)

Figure 2. Kumu Art Museum, Tallinn (source: Kumu Art Museum - Estonian art from the 18" century until today)
Figure 3. Pérez Art Museum Miami (PAMM) (source: https://www.jm-a.com/portfolio/perez-art-museum-miami/)

Figure 4. The Louvre Museum in Paris (source: https://www.louvre fr/en/explore/the-palace/a-pyramid-for-a-symbol)

4. RESULTS - PARK USCE URBAN CONCEPT AND UNDERGROUND SPACES

In the city of Belgrade, an outstanding example of valuable public space within the central urban zone is the
"Usce" Park. The area, also known as the "Friendship Park" - Usce, located on the New Belgrade side of the
confluence of the Sava and Danube rivers, represents one of the most significant urban-riverfront contact zones
and constitutes an exceptional environmental, functional, and spatial asset of the highest level for the City of
Belgrade. Through its spatial organization and function, this area serves as an urban oasis with a prominent role in
the city’s urban fabric, which contributes to the formation of Belgrade’s urban landscape. The area is dominated
by the public green areas and the riverfront green zones along the Danube and Sava riverbanks, which together
form part of the core structure of Belgrade’s green space system (LaloSevi¢ & Hadzi Arsenovié, 2025).

In 2019, a Detailed Regulation Plan was adopted for the area in question, by which the entire space was defined
as a public green area - a park. However, within the park, the Plan envisions the construction of institutions of the
highest importance for the development of culture in the City of Belgrade and the Republic of Serbia - the Museum
of 21st Century Art and the Natural History Museum, an aquarium, as well as the introduction of new attraction-
oriented contents. The adopted planning solution did not determine the precise locations of the proposed facilities,
but instead outlines their projected capacities, leaving the spatial positioning to be defined in subsequent stages of
planning and design elaboration. Given the great importance of the site, the Plan mandates the organization of an
international urban-architectural competition aimed at developing a unified urban design solution for the park. The
competition is intended to determine the optimal positioning of the aforementioned significant cultural institutions,
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an aquarium, a panoramic wheel, and a viewing platform, as well as to identify the best architectural solutions for
these facilities. The Plan outlines the basic parameters of the competition brief and prescribes the obligation to
develop an Urban Project based on the first prize winning proposal.

The need for the construction of a new building for the Natural History Museum, as one of the planned facilities
within the “Us¢e” Park, initiated the launch of the design competition in 2024. The competition proposition had
two tasks: the first was to develop a site plan for the entire park, proposing locations for all facilities as defined by
the Plan; the second task focused specifically on the conceptual architectural design proposal for the Natural
History Museum. The first prize winning design was developed within the architectural studio “Mitarh”, and one
of its key qualities was the articulation of the buildings as semi-subterranean or underground structures, featuring
green roofs that are integrated as an essential part of the park’s landscape. In this way, a substantial portion of the
program was incorporated into the park with the aim of minimizing any impact on the integrity of one of the city’s
most significant green spaces.

Figure 6. First prize winning competition solution — Disposition of facilities within the park (source: Architectural studio
Mitarh / author)
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A distinctive axis runs throughout the area, connecting the zones from the Museum of Contemporary Art to
Hotel Jugoslavija, passing through Friendship Park along the existing wide promenade. This new “Main Alley,”
parallel to Nikola Tesla Boulevard and the orthogonal grid of New Belgrade’s Central Zone, serves as the focal
point for all movement within the park. In its central section, the Main Alley merges with the riverbank and extends
into the river, creating pedestrian access and direct contact with the water. All planned buildings are positioned
directly along this axis, forming a cohesive sequence of spatial experiences that unfold continuously along the path
from Branko’s Bridge to Hotel Jugoslavija (Lalosevi¢ & Hadzi Arsenovic, 2025).

Technical challenges related to the utilization of underground space, particularly those close to the riverbank,
emerged from the very beginning. The competition design proposed that the Natural History Museum and the
Aquarium should be housed within a single multi-level subterranean structure, sharing a common repository on
the second underground level. However, during the jury review, it was determined that “to improve the proposed
solution and enhance its sustainability during both the construction and operational phases, it is necessary to
relocate the aquarium space out of the building and accommodate the Natural History Museum’s storage facility
in that wing.” This adjustment resulted in the elimination of the second underground level, thereby reducing the
risks associated with groundwater and lowering the operational costs of the facility (source: Report on the work
of the jury for the competition).

After the competition was completed, work began on developing the first-prize design according to the jury’s
inputs and the project brief from the investor, the Natural History Museum. The conceptual design produced
through this process became the basis for creating the Urban Project for Us¢e Park. As a result of the changes
made during the further development of the competition design, the Aquarium building was relocated to the site
initially planned for the panoramic wheel, as an additional semi-subterranean building with a walkable green roof
integrated into the park space, intended to accommodate an experimental garden. It can be said that these solutions
sought to find a balance in activating the underground space-making it suitable not only for human use but also
justifiable in terms of investment costs associated with its development.

Additionally, in the initial design of the Natural History Museum building, the exhibition space was located
along the glass fagade on the ground floor, thereby engaging directly with the outdoor area, the promenade, and
the main alley. However, during the development process and in collaboration with the investor, a requirement
emerged to relocate the exhibition space to the underground level, while offices would be oriented towards the
open facade. This request was justified both by the needs of employees regarding the quality of the working
environment and by the necessity to protect exhibits from direct sunlight, using the building’s subterranean
placement as a natural means to ensure optimal conditions for display. This process can also be characterized as
seeking a balanced approach to the use of underground space, considering both human needs and the requirements
of the functions, as well as a process of transforming limitations into advantages.

Figure 7. Concept Design of the Natural Museum building (source: Architectural studio Mitarh)

Figure 8. Concept Design of the Aquarium building (source: Architectural studio Mitarh)
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Figure 9. Concept Design of the Natural Museum building - Cross-sectional drawing (source: Architectural studio Mitarh)

|

Figure 10. Concept Design of the Aquarium building - Cross-sectional drawing (source: Architectural studio Mitarh)

Figure 11. Concept Design of the Natural Museum building — Detaild 3D view (source: Architectural studio Mitarh)

Figure 12. Concept Design of the Aquarium building — Detaild 3D view (source: Architectural studio Mitarh)

As a result, the Urban Project for “Usc¢e” Park was prepared, aiming to preserve all the qualities of the first-
prize competition design, while incorporating the aforementioned modifications.

It envisages retaining existing park features while introducing new public amenities aligned with verified urban
plans and architectural competitions. The park’s layout reconciles the orthogonal grid of New Belgrade’s Central
Zone with the natural flow of the Danube riverbank, creating a hybrid spatial structure.

A key axis, the Main Alley, which remained focal point, connects significant urban nodes from the Museum
of Contemporary Art towards the Hotel “Jugoslavija”, running through the Friendship Park, and interfacing with
the river’s edge, forming pedestrian access points to the water.

The Natural History Museum is located in the park’s narrowest section, adjacent to Nikola Tesla Boulevard
and close to the river, integrating visually with the natural surroundings of the Great War Island while minimizing
impact on existing greenery.
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The museum building is planned as a partially underground, free-standing structure with two levels: one at -
5.00 m and one at ground level (+0.00 m). The roof'is designed as a green, accessible public space, gradually rising
and blending into the park’s landscape. The entrance is positioned centrally at ground level, connected to a plaza
linking Nikola Tesla Boulevard with the riverside promenade.

The building is functionally divided into two wings, connected on underground level by exhibition and gallery
spaces. The northwest wing houses exhibition areas on two levels, while the southeast wing contains workspaces
and museum depots. Administrative offices and public amenities such as a library, reading room, and
café/restaurant are oriented towards the river on the ground and gallery levels. An underground garage is accessible
via Nikola Tesla Boulevard.

The Aquarium building is designed as a freestanding, circular structure with a green roof that rises in a stepped
manner from the edge of the circle toward the center, reaching a height of 8.30 meters. Like the Natural History
Museum, it is integrated as an essential part of the park’s landscape. The building is partially underground at an
elevation of -1.50 meters, featuring a main floor at -1.50 meters and a gallery space at +3.00 meters. The main
entrance is located on the southeast side, where a circular entrance square with a fountain connects directly to the
Main Alley, serving as its end point.

Figure 13. Urban Project of "Usce" Park — Graphic attachment No. 4: "Composition Plan" (source: Urban planning
institute of Belgrade)

5. DISCUSION AND TECHNICAL CHALLENGES

Integrating underground cultural spaces within urban parks requires addressing several technical challenges,
including structural design to withstand soil and water pressures, ensuring natural light and ventilation to enhance
visitor comfort, and managing hydrological conditions typical for riverfront locations. Advances in green roof
technologies and sustainable building materials support the dual function of underground cultural spaces topped
by accessible green areas, promoting ecological continuity and public enjoyment.

Moreover, designing underground spaces that foster strong connections with their above-ground contexts
enhances public accessibility and social use. Creating visual and physical links to the riverfront, such as transparent
facades or accessible green roofs, contributes to a seamless urban experience.

From a planning perspective, collaboration among urban planners, architects, engineers, and stakeholders is
crucial to resolve technical constraints while aligning with broader urban development goals. The case of Park
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Us¢ée demonstrates the importance of integrating cultural infrastructure in a way that respects the natural and social
fabric of the city.
Integrating underground cultural spaces within urban parks requires addressing several technical challenges:

— Technical-Engineering & Hydrology: Structural integrity under soil and hydrostatic pressure,
particularly near riverfronts, demands advanced geotechnical solutions. Post-occupancy evaluations
of similar complexes (e.g. Chengdu Tianfu Square) highlight the importance of environmental quality,
comfort, orientation, and durable materials;

— Light & Ventilation: Achieving natural light and healthy indoor environments underground is crucial.
Studies of subterranean heritage (Costa et al., 2021) emphasize integrating ventilation and daylighting
strategies to enhance visitor comfort and sustainability;

— Green Roof & Ecology: Green roof technologies not only mask structures but contribute to
biodiversity, stormwater retention, and visual continuity, reinforcing the public park’s ecological
function;

— Participatory & Multidisciplinary Planning: Effective outcomes rely on early inclusion of
stakeholders-citizens, specialists, decision-makers-through participatory GIS and consensus-building
to align design with community needs.

Advances in digital planning and whole-lifecycle sustainability frameworks further support the integrated
management of underground cultural infrastructure.

6. CONCLUSION

The case study of the Natural History Museum and Aquarium within Park Us¢e exemplifies the potential of
utilizing underground spaces for cultural infrastructure while preserving and enhancing valuable urban green areas.
This approach aligns with contemporary urban planning trends that emphasize multifunctionality, environmental
sustainability, and public accessibility. By integrating museum functions below ground, the design minimizes
surface disruption, maximizes green continuity, and strengthens the park’s role as a vital social and cultural
destination.

Comparisons with international examples such as the Pérez Art Museum Miami, Vancouver Art Gallery
expansion, and Kumu Art Museum in Tallinn highlight a global movement towards blending culture and nature
through innovative underground architecture. These examples showcase how underground spaces can
accommodate significant cultural programs without sacrificing parkland, promoting greater community
engagement and urban vitality. A parallel can be drawn with the Museum of Louvre as a historical example of a
major cultural institution set within a park landscape, positioned along the riverbank and integrated into the
historical urban setting. The integration of above-ground and below-ground spaces, along with the implementation
of an international architectural competition, highlights the importance of expert participation in shaping such
significant urban interventions and ensuring context-sensitive, high-quality outcomes.

The technical challenges inherent in such projects-ranging from hydrological issues to structural design-require
sophisticated engineering and collaborative planning efforts. However, the long-term benefits in terms of spatial
efficiency, cultural enrichment, and environmental stewardship justify these investments.

In summary, underground cultural spaces in parks offer a promising model for contemporary urban
development, combining architectural innovation with public benefit. The Park Usée project, with its thoughtful
integration of green roof concepts and seamless urban connections, contributes valuable insights to this evolving
field.

In any case, it is essential to continuously seek a refined balance between the benefits of rational land use,
transforming constraints into potential, and the extent of human presence in underground spaces, while maintaining
ongoing analysis which includes interaction with future users.
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EVALUATION AND PLANNING OF UNDERGROUND SPACE RESOURCES IN COMPLEX
BUILT -UP ENVIRONMENT FROM THE PERSPECTIVE OF MULTI-DIMENSIONAL
VALUES-- TAKING THE CORE AREA OF THE CAPITAL IN BEIJING AS AN EXAMPLE

Yiting Zhao!, Keijie Wu, Xiaodong Shi, Longgin Lin

Abstract: In order to effectively support the planning and decision-making of underground space and realize the fine control
and guidance of underground space utilization in complex built-up environment, this paper takes the Core Functional Area of
the Capital, which has the highest density and the most complex urban environment in Beijing, as an example to explore the
resource evaluation methods of underground space in built-up area. Concerning the characteristics of the built-up area, both
the stock and incremental resources of underground space are taken into account. The paper establishes a comprehensive
evaluation framework for the development potential of underground space resources covering seven value dimensions,
including economic value, social demand, ecological environment, historical protection, disaster prevention, spatial layout
and functional facilities, and comprehensively sorts out the influencing factors and quantitative indicators in each value
dimension, so as to carry out the quantitative evaluation of the underground development potential accurate to plot. The paper
hopes to effectively support the zoning and planning of underground space and provide technical support for the fine
management and scientific utilization of underground space resources in high-density built-up areas.

Keywords: multi-dimensional value; high-density built-up area; underground space; resource evaluation; Planning & control

1. INTRODUCTION

Urban development is a dynamic and three-dimensional process. With the continuous renewal of land use, the
construction space is correspondingly expanded upward and downward. Underground space resources have
gradually become an important way to realize urban function and space optimization & How to effectively
identify underground space resources and scientifically judge thevalue and potential of underground space
development and utilization is an important premise to promote the scientific and orderly utilization of
underground space resources. The existing studies on the evaluation of underground space resources mainly focus
on the incremental resources of underground space @ from
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the perspective of eco-geological conditions, which pays less attention to the stock resources of
underground space. Meanwhile, the current evaluation of underground resources mainly aims at new
areas, which is not suitable for built-up areas with a large number of existing buildings, structures and
historical & cultural heritage. In view of the above problems, this paper takes the Core Functional Area
of the Capital as an example, to explore the identification and planning decision methods of underground
resources in highly built areas, taking into account both the development and renewal needs of
underground space. The paper will comprehensively analyze the influencing factors of social, economic,
ecological, historical and security conditions to support the fine management and zoning of underground
space in complex-built environment.

Restrictive factors Positive factors
Historical Available resources B ical val
protection conomical value
Ecological Social demand
protection Stock & Land use
Englnfeetrlng mmmm INCremental g The subway

satetly NESOUINCES

Municipal

Current R
facilities

construction

The evaluation of underground development
potential

Figure 1. Diagram of underground space resource assessment and planning model in high-density built-up area

2. OVERVIEW OF THE CORE FUNCTIONAL AREA OF THE CAPITAL

The Core Functional Area of the Capital has a total area of 92.5 square kilometers and a population
of about 1.7 million, which faces multiple needs such as the protection of the old city, the improvement
of the living environment, the optimization of the administration environment and the promotion of
urban vitality. Meanwhile, the area also has a high degree of underground space development, where
more than 70% of the construction land (excluding roads, green space and water) contains underground
development. How to effectively identify the available resources of underground space and appropriately
guide development of aboveground and underground space is the key to the sustainable development of
the built-up area.

3. IDENTIFICATION OF UNDERGROUND SPACE RESOURCES

In a broad sense, underground space is a comprehensive concept, which contains not only space
resources, but also groundwater, energy, rock & soil and etc. This paper mainly involves space resources,
which can be preliminarily divided into stock resources and incremental resources in terms of
development status.
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3.1. Stock resources

Underground stock resources are built spaces that can be used for other purposes after certain
transformation. The study considers that the main factors affecting the reutilization of underground stock
resources include construction time, building area, underground floors, functional types, etc. A
comprehensive analysis was conducted on the underground stock resources within the core area. The
study finds that the time of construction is of critical effect as frame structure is widely used in the
underground space built after 2000, which has high spatial compatibility. At the same time, the spatial
compatibility of the underground space also increases with the building scale, the number of floors and
the functional types. By analysis, the stock resources of underground space built after 2000 with an area
of more than 5000 square meters have higher potential for reutilization, which account for about 10% of
the total amount and 54% of the building area (see Table 1). These stock resources are mostly
multifunctional and of concrete frame structure, which makes it more suitable for flexible uses.

Table 1. Classification and statistics table of underground space stock resources

building area Proportion of | Proportion of |Average building
Type amount .
(10,000m") building area amount area (m?)
General 4467 374.0 0.21 0.67 837.28
Better 1511 456.76 0.25 0.23 3022.91
High quality 663 962.4 0.54 0.10 14515.90
Total 6641 1793.18 1.00 1.00 2700.16

3.2. Incremental Resources

From the perspective of urban development conditions and land ownership settings, the incremental

resources of underground space in high-density built-up areas are in close combination with the needs of
urban renewal. The construction forms mainly include the coordinated construction of the aboveground
and underground after demolition of original buildings, the reconstruction and expansion of underground
space on the basis of the original buildings & structures, and the new underground projects (see Table 2),
which can improve the utilization efficiency of land resources, improve the short board of urban
functions, and improve the quality of urban environment on the ground.

Table 2. Classification and statistics table of underground space incremental resources

Classification Resource utilization strategy

. . Through the coordinated utilization of ground and underground space, we can
Demolish and rebuild |, . . . —_—
improve urban functions and supplement the shortcomings of public facilities.

. Through the reconstruction and expansion of underground space or adding
Reconstruction and . . . . . .
. connectivity on the basis of the original building, to improve the efficiency and
expansion

P functional use of underground space.

. By building underground facilities such as parking lot or municipal stations to
New underground projects . . . L .
addressing the issue of insufficient construction space.
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4. EVALUATION OF UNDERGROUND SPACE RESOURCES

The development potential of underground space resources is closely linked with the development
needs of aboveground. Therefore, the evaluation of underground space resources should take into
account various constraints and driving conditions both aboveground and underground, from the
economic, social, ecological, historical, security and other dimensions.

4.1. Economic value

The economic value is an important factor to promote the development and utilization of
underground space. The economic value of underground space is often positively correlated with land
value, and is also affected by spatial location, functional use, and the number of underground floors &I,
Floor utility ratio is widely used to evaluate the three-dimensional value of land. Through the
investigation of typical cases in the core area, the study finds that the average floor utility ratio of the
underground floor is generally about 60%. In case of direct connection with the subway, the commercial
rent price of the underground floor can reach 80% of the aboveground, that is, in addition to the spatial
location and land uses, the subway connection also has a significant role in improving the economic
value of the underground space. Therefore, in the process of judging the economic value of underground
space, the study adopts the floor utility ratio method and takes the first floor of underground space as the
evaluation object. Concerning whether it is located in the key functional area or connected with the
subway, differentiated floor utility ratio (see Table 3) is adopted to evaluate the commercial rent of the
corresponding underground space and form the economic value map (see Figure 2).

Table 3. The floor utility ratio of the first underground floor in the Core Area of the Capital

Key functional area General area
Functional use No subway Connected to No subway Connected to
connection the subway connection the subway
Commercial facilities 0.6 0.8 0.5 0.6
offices 0.5 0.6 0.4 0.5
residence 0.3 0.3 0.2 0.2

Note: The specific indicators are summarized according to the investigation of typical projects in the core area.
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Figure 2. Economic value assessment of commercial underground space in the Core Area of the Capital
4.2. Social demand

High-density built-up areas tend to have a high concentration of people, so the social attributes of
the users, their willingness and experiences, are important factors to the social needs of underground
space B which are also closely related to the crowd concentration and demand. The study focuses on the
social demand for underground space of various groups of people including residents, employees,
shoppers and etc. A questionnaire survey of about 400 copies is carried out, using the Likert scale to
analyze the demand level of different groups. Among them, the demand of shoppers is the highest, with
an average of 4.0 (full score of 5.0), which includes shopping, cinema, video games and other
entertainment activities. The demand of employees is relatively high, reaching 3.6 on average, mainly
involving leisure activities such as exhibition, community activities, dining, fitness, reading in
bookstores and etc. The demand of residents is relatively low, about 3.2, mainly involving community
activities and convenient service. The social demand of the underground space is comprehensively
evaluated in combination with the distribution density of various groups and their demand level (see
Table 4), in which the shopping group is set as 1 (the demand score is 4), the employee group is 0.9
(3.6/4), and the residential group is 0.8 (3.2/4). Overall, there is a high correlation between the social
demand for underground space and the distribution of economic value (see Figure 3).
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Table 4. Evaluation of underground space needs of various groups of people

Distribution density
Type of group | Demand level ) Medium
High (person/ha) Low (person/ha)
(person/ha)
Shopping group 1 150 100 80
Employee group 0.9 200 150 80
Residential group 0.8 120 100 60

Figure 3. Distribution of social needs of underground space for employed people in the Core Area of the Capital
4.3. Ecological protection

The development and utilization of underground space should coordinate with the ecological
environment so as to reduce the cost and safety risk. The ecological factors related to the development
and utilization of underground space mainly include green space, farmland, river, groundwater, etc. In
areas with important ecological value such as ecological protection area, important river and lake system,
underground drinking water resources, the development and utilization of underground space shall not be
carried out except for necessary infrastructure construction. Meanwhile, green space, ordinary farmland
and water area can be moderately developed and utilized after meeting relevant environmental protection
requirements. The impact of groundwater on underground space development involves project cost,
groundwater pollution, water infiltration and corrosion, etc. Therefore, a suitable vertical construction
scope of underground space should be adopted by referring to the groundwater level and the distribution
of confined aquifers, so as to reduce the interference to the hydrogeological environment.
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4.4. Historical & Cultural protection

The development and utilization of underground space should not only respect and protect all kinds
of underground historical relics, but also avoid the impact and destruction of ground cultural and
historical heritages. The core area has the richest historical and cultural resources in Beijing, where the
protection of historical heritages and the control of building height significantly increase the demand for
underground space development. On the one hand, the underground development should be moderately
controlled according to the requirements of various historical protection areas. On the other hand, the
role of underground space in historical preservation and cultural display should be encouraged by putting
some functions or facilities underground for better restoration of traditional historical features on the
ground. Meanwhile, underground space can also be used as cultural sites such as museums, exhibitions
or other cultural display areas.

4.5. Risk protection

In highly built environment, the risk factors of underground space are very extensive. Among them,
geological risks, such as active faults, sand liquefaction, karst collapse and other geological hazard areas
should be avoided especially for high-intensity underground development. Current underground
buildings, subway, gas pipelines and other infrastructures should be ensured a certain safety distance to
avoid the risk of collapse, explosion and other disasters caused by adjacent underground projects.
Attention should also be paid to the impact of extreme weathers, such as waterlogging in underground
space caused by extreme rainstorms €I/l Compared with other areas in Beijing, the geological
conditions of the core area are relatively suitable. The risks of underground engineering and
waterlogging are main factors affecting the development and utilization of underground space. The study
comprehensively considers the groundwater level and the burial depth of underground structures to
analyze the areas with higher risk of anti-floating and infiltration. By delimiting the protection scope of
the subway and underground pipelines, "unforeseen” engineering risks can also be avoided to some
extent.

4.6. Spatial layout

The demand for underground space development is usually affected by spatial factors such as land
use, density, space shortage and aggregation of public activities. In general, commercial & business land
often has higher demand for underground development than that of residential & public service land, and
the higher the intensity or density of above-ground development, the greater the demand for underground
space development and utilization ®I°I, Meanwhile, central areas with strict the control of above-ground
construction often have more demand for underground development %, The study comprehensively
takes into account the spatial factors of central location, development intensity, aboveground control
requirements, urban function aggregation (whether it is located in key functional or business areas) to
evaluate the spatial demand of underground space development and utilization.

4.7. Functional facilities

The development and utilization of underground space is also affected by the construction of rail
transit and various municipal facilities such as transportation, public service, disaster prevention, safety
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facilities and etc. Among them, rail transit has the most prominent impact as the closer to the rail station,
the higher the potential demand for the development and utilization of underground space 14902, For
example, the underground commercial facilities and public spaces in Beijing Central Business District
are mainly concentrated within 300 meters around the rail station ¥, and most of them are directly or
indirectly connected with the rail station '], The areas where large public service facilities concentrated
can provide services and transportation space through the overall construction of underground space.
Municipal infrastructure, public parking facilities, bus stations and emergency shelters can also improve
the improve the level of facility services through the use of underground space and release more open
space on the ground %1, The study comprehensively defines the areas where there is a demand for the
construction of underground functional facilities, including land within 300 meters around new or
renovated rail stations and land for planned facilities which can be integrated developed aboveground
and underground to improve the efficiency of land resources.

5. COMPREHENSIVE EVALUATION OF DEVELOPMENT AND UTILIZATION
POTENTIAL

The study integrates the influencing factors of underground space development and utilization in
various dimensions, extracting quantitative indicators from aspects of contributing and restrictive
conditions, to comprehensively evaluate the potential of underground space development (see Table 5).
The contributing factors include the four dimensions of economy, society, space and facilities, with
rent/land price, crowd demand, development intensity, spatial location, rail transit and public facilities as
the main indicators. Restrictive factors include the three dimensions of ecological, historical and risk
protection. The weighted superposition method is used to comprehensively evaluate the demand and
constraint of underground space development and utilization 161,

Table 5. Dimensions and influencing factors of underground space resource potential assessment

Major o . . . Evaluation
. . Classification |Main considerations \Value
dimensions grade
Land price * floor utility ratio of the first |High, Medium,{ 1. 0.5,
Land value o
Economic underground floor * coefficient Low 0.2

dimension | Commercial [Shop rent * floor utility ratio of the first ~ |High, Medium,| 1. 0.5,

Cont|

ing

rent floor * coefficient Low 0.2
Social . . . . High, Medium,[ 1. 0.5,
. . social demand [Population density * demand index
dimension Low 0.2
. Commercial & business, public facilities, [High, Medium,[ 1. 0.5,
ribut] Land use . .
residential land Low 0.2
Development |Floor area ratio > 2,1< Floor area ratio < 2, [High, Medium,[ 1. 0.5,
Spatial intensity  [Floor area ratio< 1 Low 0.2
dimension . . |Key functional & business areas, High, Medium,| 1. 0.5,
Spatial location . .
commercial centers, public centers, etc. Low 0.2
High, Medium,| 1. 0.5,

Space scarcity [Central location degree, height control

Low 0.2
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Rail station distance: within 300m,
300-500m, beyond 500m
. . |Passenger flow> 100,000/day, . .
Rail transit High, Medium,| 1. 0.5.
. 50,000-100,000/day, < 50,000/day
construction Low 0.2
Connectivity: direct connectivity,
Facility combination of entrances and exits,
dimension non-connectivity
Public service [Large cultural and sports facilities or
I Yes, no 1. 0.2
facilities  [clusters
Other Underground municipal facilities,
functional [transportation facilities, disaster prevention Yes, no 1. 0.2
facilities  [facilities
. . . . The development and
ecological protection area, important river | =
i utilization of underground
. |and lake system, important farmland,
no construction . . space other than necessary
underground drinking water protection area|, .
infrastructure will not be
and etc. . o
Ecological carried out In principle
dimension Green Park Yes, no 02.1
Restrict )
. Ordinary farmland Yes, no 02.1
construction
Groundwater reserves or confined aquifers Yes, no 02.1
The development and
. utilization of underground
No Protection area and class | control area of o
. . space other than historical
construction |cultural relics . " b
Rest prot_ectlon V-VI n_ot : e
ricti carried out in principle.
ve The development and
utilization of underground
space shall not be carried
\Within the core protection scope out except for the necessary
Historical infrastructure, public
dimension service facilities and

Restrict
construction

historical protection.

Outside the core protected area

Yes, no 0.2. 1

Underground cultural relics

Necessary archaeological
investigation and
exploration shall be carried
out to encourage the in-situ
protection and display of

cultural relics.
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The development and

No \Within 200m on both sides of the active  |utilization of underground
construction [fault zone space should avoid this areal
Security in principle.
dimension Safety protection scope of subway or

Restrict  [underground pipeline, old
. . . Yes, no 02.1
construction |[basement/underground pipeline intensive

area, other geological risk areas etc.

6. DISCUSSION AND CONCLUSION

The development and utilization of underground space in highly built-up area is in great demand 71,
The establishment of a systematic evaluation method of underground space resources is an important
way to support the sustainable development of the built-up area. The study explores the identification
method of underground space resources and carries out quantitative evaluation of the potential for
underground space development and utilization, covering multiple value dimensions such as economy,
society, history, ecology, safety, space, and facilities to support refined underground space planning and
control zoning. The study hopes to provide technical support for underground space planning decisions
in highly built environment. The conclusions of the study are as follows:

The underground space resources in highly built-up areas should include both incremental and stock
resources. The latter refers to underground space that has already been built but can carry other functions
through renewal and renovation. Generally, underground spaces built with frame structure, relatively
large building scale and multiple functions have relatively high compacity and potential for reutilization,
and can be prioritized as stock resources of underground space.

The development and utilization of underground space in highly built-up areas are significantly
positively correlated with land value, employment population density, rail connectivity, and
agglomeration of urban functions. Usually, key functional or business areas, commercial centers, large
transportation hubs, and cultural & sports centers are the key areas for underground space development
and utilization.

The restrictive factors for the development and utilization of underground space in highly built-up
areas mainly include sensitive ecological environment, historical protection requirements, engineering
safety, and geological hazard risks. Underground space should be utilized to a limited extent while
meeting relevant control requirements. Both horizontal and vertical protection and control range should
be considered to ensure the safety.

The comprehensive potential of underground space development in highly built-up areas should be
considered in terms of resource conditions, development motivation, and restriction requirements. In the
absence of prohibited restrictive factors, the development and utilization of underground space should
prioritize areas with high land value/rent, functional clustering, social demand and close connection to
the subway, where the integrated development of aboveground and underground should be carried out to
effectively improve the efficiency of urban space.

The study mainly summarizes and quantitatively evaluates the influencing factors of underground
space in different value dimensions based on case investigation data and practical experience in the core
area. It still needs to be verified and calibrated on a larger scale. At the same time, attention should be
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paid to different types of underground resources such as groundwater resources, underground rock and
soil resources, renewable energy, and their influence on the development and utilization of underground
space, in order to effectively coordinate the protection and development needs and achieve sustainable
development of underground space in highly built-up areas.
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Abstract: The aim of this paper is to explore the opportunities and challenges of applying underground architecture within the
smart city concept in Belgrade. The study analyzes the current state of underground space planning, highlighting the prevailing
focus on the metro system and the lack of a comprehensive approach. By applying the smart city concept and the Deep City
model, the research investigates potentials for integrated planning that incorporates technological tools, sustainability, and
multidisciplinary collaboration. By comparing domestic practices with international experiences from Helsinki and Singapore,
the paper proposes specific guidelines for improving the planning of underground spaces in Belgrade, with the goal of achieving
more efficient and sustainable management of this important urban resource. The contribution of this study, supported by strong
argumentation, emphasizes the need for a multidisciplinary approach to the planning and design of underground typologies, in
order to establish a balance between technological innovation, economic investment, and social benefits. The paper also
provides directions for further research on the integration of underground elements in smart cities, with the aim of enhancing
the quality of urban life.

Keywords: comprehensive analysis, holistic planning, deep city, sustainable development, the indivisibility of urbanism

1. INTRODUCTION

Underground spaces have always been a special engineering fascination and a reflection of human ingenuity —
from Persian canals (an early example of sustainable engineering) and Roman catacombs (addressing burial
constraints as well as urban crowd management and public health), to infrastructure pipes, basement floors of
buildings and garages, civil protection facilities, and metro systems that have almost organically evolved over
decades in many modern cities, functionally responding to contemporary urban challenges.

Today, as even more efficient ways to expand limited urban space are needed to meet the demands of a growing

population, modern underground spaces go beyond traditional models or functions. While earlier underground
structures were mostly developed horizontally, there is an increasing number of underground typologies that
require spatial development in the vertical dimension. To avoid the “first come, first served” approach seen in
many urban areas — including Belgrade — this work highlights the challenge contemporary planners face: how to
organize the use of underground space in a way that enables complementary rather than competitive exploitation
of resources?
Achieving this requires first understanding and appreciating that underground space encompasses everything
between the surface and the Earth’s core, whether biotic or abiotic in origin. In this context, this study treats
underground space through the Deep City approach [1], where underground space includes resources classified as
physical space, spatial continuity, geoecological characteristics, subterranean flora/fauna, excavated materials,
cultural heritage, and renewable resources (including groundwater and geothermal energy) [2].
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Effective exploitation of underground spatial resources thus requires a multidimensional approach that
simultaneously considers functional, transportation, socio-cultural, and landscape-ambient parameters, which in
turn indicate the level of complexity and the need for further interdisciplinary concretization ensuring spatial and
functional coherence.

Currently, the underground space of Belgrade can be classified into several functional categories: pedestrian
underpasses (e.g., beneath Terazije), traffic tunnels (e.g., the Terazije Tunnel), and railway stations (e.g., Vukov
Spomenik). At the same time, the underground area holds significant potential related to layers of historical,
cultural, and archaeological heritage, as well as to thermal water sources. The development of underground
infrastructure is defined by the General Regulation Plan for Rail Systems in Belgrade, which includes elements of
detailed elaboration. A key emphasis is placed on the phased implementation of the metro system, which has led
to the establishment of the public utility company Beogradski metro i voz. Through the official website of this
company, information on project status is available. The projects are conceived in phases and encompass the
construction of four BG Voz lines and three metro lines.

Belgrade’s problem, reflected in the existing planning documentation which practically only considers
underground space from the perspective of the metro system, reveals its incoherent approach. The absence of key
concepts almost always means their absence in all subsequent elaborations. Planning of underground urban spaces
(UUS) in Belgrade still relies on expert and personal experience, cognitive biases, and analog reflections on
previous cases, while quantitative research methodologies are minimally used. This means planners mostly
depended on subjective knowledge and experience regarding the laws of underground space use, which inevitably
leads to sporadic resource exploitation and inconsistencies that sabotage the maximization of efficiency.

In present conditions, as a way to comprehensively utilize resources, this study explores the potentials,
challenges, and possibilities of applying integrated underground space planning in Belgrade from a smart city
perspective. The smart city concept implies holistic management of urban resources through digital technologies,
sustainable solutions, and efficient infrastructure, aimed at improving quality of life. The development of new
technologies has the potential to revolutionize underground space management. Tools such as Building
Information Modeling (BIM) enable precise design and risk assessment, while Al systems optimize traffic flow,
climate control, and energy efficiency. Above all, data-driven approaches assist comprehensive planning. By
connecting technology, sustainability, and citizen participation, smart cities strive to become more resilient,
functional, and better adapted to the real needs of their users, enabling more rational resource use and a higher
level of urban comfort. In this context, the primary goal of this work is to identify research trends and key focal
points regarding underground space planning currently leading the field, in order to concretely improve Belgrade’s
planning processes and integrate underground and aboveground planning.

More broadly, the study unequivocally points out the need for greater collaboration among planners, architects,
engineers, and decision-makers to fully understand the potentials of this spatial, social, and resource dimension.
Integrated planning is essential, requiring coordination and involvement of state and private stakeholders, as well
as the entire public. With the help of ICT — Information and Communication Technologies — we can unlock the
potential of underground space and make better use of it.

2. MATERIAL AND METHODS

From a methodological perspective, this study investigates the potentials, challenges, and possibilities of
applying integrated underground space planning in Belgrade from the viewpoint of contemporary smart city
concepts. The aim is to improve planning processes by linking underground and aboveground planning into a
unified methodological framework.

In a dedicated section, the study analyzes specific problems and the treatment of underground space in
Belgrade. Through a general analysis of bibliographic data—primarily General Urban Plans and legislation—a
chronological analysis of planning practice was conducted, systematizing the main characteristics, evolutionary
trends, and developmental trajectories in planning practice, with particular attention to underground space.
Thematic categorization highlights key challenges in the treatment of underground space as an identification of
research focal points. A SWOT analysis, employed as a brainstorming tool, was carried out to present Belgrade’s
underground space as a complex and multilayered segment of the urban fabric that requires thoughtful institutional
management and long-term strategic planning.

Simultaneously, by analyzing publicly available planning documents on experiences from leading cities
seriously engaged in underground planning, key planning approaches currently shaping this field were identified.
Through a comparative analysis of reference international cases (Helsinki and Singapore) — cities and projects
leading in the implementation of sustainable and integrated underground infrastructure planning — and by
analyzing existing underground urbanism plans, available technologies, and public policies, key factors were
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illuminated that have the potential to contribute to sustainable and successful future implementation, thus outlining
guidelines for a possible (adequate) planning approach for Belgrade.

Based on all collected data, after identifying key shortcomings in the field (Belgrade) and analyzing successful
international examples, the final section proposes appropriate guidelines and recommendations customized for the
Belgrade context. These correspond to contemporary planning requirements and have the potential to contribute
to more efficient shaping or expansion of the theoretical planning system by adapting it to new developmental
approaches.

3. RESULTS
3.1. Overview of Underground Planning in Belgrade

The underground infrastructure framework was first mentioned as a concept in the General Urban Plan of
Belgrade 195070 (1950) [3]. The first comprehensive study on the development of the metro system in Belgrade
was conducted in 1968 by the Design Institute of the Yugoslav Railways Community. This study, based on the
General Plan, proposed three metro lines; however, only the underground passage at Terazije was implemented,
and that on a limited scale compared to the original design, which foresaw its extension toward the railway
infrastructure in the deeper layers of the city. The plan also included the introduction of an underground tram
system to facilitate passenger movement to other parts of the city center [4].

In the early 1970s, before the preparation of the General Plan of Belgrade 1972-2000 (1972), a Rapid Urban
Transport Study was carried out. This study analyzed two metro systems: deep metro and shallow metro (cut and
cover), intending to determine the most suitable system for Belgrade [5]. In practice, from 1966, several pedestrian
underpasses were built: in New Belgrade at locations identified as favorable for future underground system
development, while those at Terazije and Zeleni Venac emerged as necessary solutions due to conflict points and
pedestrian safety concerns. These implementations were considered within the concept of underground urbanism,
a new planning and design discipline in urban practice at the time [6].

The 1972 General Plan of Belgrade planned two metro lines, and in 1976 a study on the technical and economic
feasibility of rapid public urban transport in Belgrade was initiated. The study proposed a transport system
supported by a city distribution metro and a regional metro. The intersection of rail systems at three points in the
central urban core created opportunities for pedestrian zones, while park-and-ride terminals were planned at city
metro termini on the outskirts to reduce pressure from private vehicles on the inner central city zone [4]. In
amendments and supplements to this plan until 2000, it was noted that many goals related to transportation set
since 1972 had not been realized. Due to the city's different spatial development, it was necessary to reassess and
align the planned metro system with the physical changes that had occurred. The BETRAS Study, which
accompanied the General Plan 1985-2000 (1985), introduced the term premetro in 1989, with the idea that other
transport systems would operate on routes planned for the metro until conditions allowed for metro activation [7].

The Strategy for Public Transport Development in Belgrade (1993), part of a broader plan titled Transport
Systems of Belgrade — Part II, proposed that the capacity rail system in public transport be principally addressed
through the construction of a light metro integrated into other public transport subsystems [8]. The General Plan
of Belgrade 2021 (2003) suggested revitalization and rehabilitation of existing public transport forms and gradual
introduction of a modern urban rail system such as Light Rail Transit, alongside planned city (and suburban)
railways and trams [9]. After adopting the General Plan 2021, numerous activities were undertaken to evaluate
necessary transport parameters and to develop detailed planning and project documentation for the light rail
system. Simultaneously, experts from other European cities were consulted to form an expert opinion on the metro
concept suitable for Belgrade. In mid-2010, the City Assembly adopted the document Belgrade Metro — Basis for
Solution Selection. The French consulting company EGIS was commissioned to develop a General Concept and
define the metro system in Belgrade, which would serve as a basis for network development.

The most recent overarching planning document, the General Plan of Belgrade until 2041 (currently in early
public review since June 2022), is the first plan developed with digital tools. Although its methodology is based
on integrated urban development, coordinating spatial, economic, social, and ecological dimensions, the plan's text
does not explicitly address underground urbanism. However, it does mention ICT, the Smart City concept, digital
twins, and other modern terminology. [10]

The fact that a term is not explicitly defined in the Planning and Construction Act glossary does not mean it
cannot be addressed within urban planning documents. When a term is included in the legal glossary, it gains an
official, legally binding definition that ensures consistent interpretation across planning stages. However, even in
the current 2023 Planning and Construction Act glossary, metro is mentioned as one of the linear infrastructure
objects under underground urbanism [11]. More detailed provisions in the Metro and Urban Railway Act (2021)
specify concepts linking aboveground and underground segments, such as protective zones of 25m on each side
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of the track, Sm below the route, and vertically from the structure to the land surface; infrastructure zones of Sm
beside aboveground and 4m from underground metro parts; and that stairs, escalators, halls, platforms, and
underpasses represent rare points of integration between aboveground and underground spaces [12].

As this overview has shown, the general characteristics and development of Belgrade's planning documentation

have been oriented towards solving current problems while neglecting the city's potential and possible
development. Each higher-level planning document had to integrate errors from the city's past development.
Specific planning of underground urban spaces is most often associated with transport infrastructure, metro or
pedestrian traffic, and sometimes managing stationary traffic beneath larger public areas. In some document
sections, planning documentation tends to be closer to analog than digital processing, often lacking topographic
bases. According to the Rulebook on Content, Methods, and Procedures for Preparing Spatial and Urban Planning
Documents (2019), topography is obtained as needed, although it is a primary element for setting the city's vertical
regulation [13].
Overall, Belgrade has evolved from a city with pronounced development potential after the first serious planning
document in 1950 — a time when urbanization had not reached a critical threshold — into an urban environment
significantly compromised by inconsistent and reactive urban planning approaches. Despite initial ideas and
studies, underground Belgrade remains an unexplored urban dimension, with underground transport as a technical
challenge and strategic component of sustainable urban mobility that has not achieved functional integration into
the broader urban system. This situation points to complex institutional, economic, technical, and spatial barriers
and a lack of long-term strategic planning incorporating smart city principles.

Under actual planning conditions, it is almost impossible to fully foresee all potential challenges related to
underground space planning. Considering that underground space is a non-renewable resource whose structure
cannot be easily altered after construction, it is necessary to highlight Belgrade's potential through objective
mapping of its underground space. Additionally, to identify possible management and planning approaches based
on good international practices, particular attention will be given to integrated planning emphasizing coordination
between underground and aboveground urbanism, as well as an ICT model that could enhance planning processes
and urban functionality.

3.2.  Objective Evaluation of Belgrade’s Development Potential

To demonstrate that Belgrade’s underground space represents a complex and multilayered segment of the urban
fabric requiring thoughtful institutional management and long-term strategic planning, we chose to apply a SWOT
analysis as a brainstorming method. We consider SWOT analysis particularly effective in the early stages of
strategic reflection, research, and planning, as it enables a systematic examination of internal strengths and
weaknesses, as well as external opportunities and threats relevant to the integrated management of underground
space.

Table 1. Strengths

Strengths Explanation / Example

The use of historical underground structures (Roman Well, catacombs,
Historical and cultural potential lagums) enables the preservation of Belgrade’s cultural identity and the
development of unique tourist offers, increasing its international visibility
and economic utilization of the space.

Favorable geological soil structure allows stable construction of

logical suitabili X . .
Geological suitability underground infrastructure with lower construction costs.

Laboratories at the Faculty of Mining and Geology and Faculty of Civil
engineering, as well as 3D GIS research, support the development and
testing of solutions, strengthening the scientific foundation.

Academic and research support

Metro, underground garages, tunnels, and pedestrian corridors contribute
to reducing traffic congestion, lowering harmful gas emissions, and freeing
public spaces for recreation.

Infrastructure potential — transport

Infrastructure potential — energy Underground heating plants, storage facilities, and delivery tunnels enable
and logistics energy efficiency and improve the functionality of the city’s network.

136



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE

Belgrade, Serbia, November 4-7, 2025.

Table 2. Weaknesses

Weaknesses Explanation / Example
The current Law on Planning and Construction does not recognize the
Regulatory gap concept of subsurface zoning; the legal status of underground volumes is

not clearly defined.

Loss of ecological function of
green areas

Installation of underground concrete structures beneath grassy zones
reduces soil permeability and degrades the ecosystem of green spaces [14].

Neglected underground structures

Unmaintained and abandoned underground facilities pose safety, sanitary,
and aesthetic issues.

High investment costs

Construction of underground infrastructure is on average 3 to 5 times more
expensive than above-ground construction [15]

Lack of three-dimensional spatial
data

Opportunities

Absence of integrated 3D GIS causes conflicts between existing
installations and leads to inefficient planning.

Table 3. Opportunities

Explanation / Example

Application of digital twins and
3D GIS technology

Creating integrated three-dimensional underground models allows precise
planning, minimizes errors, and enables efficient infrastructure
management.

Revitalization of existing
underground shelters

Repurposing unused underground spaces into cultural or IT centers can
contribute to urban regeneration and content diversification [16]

Utilization of EU funds for
sustainable energy

Significant opportunities exist for financing through EU funds, especially
for green technologies such as geothermal pumps, energy efficiency, and
innovative infrastructure.

Complementarity of underground
functions

Data centers, residential spaces, and energy infrastructure can operate
synergistically—for example, waste heat from data centers can be used for
district heating, sharing installations and optimizing costs.

Application of digital twins and
3D GIS technology

Threats

Creating integrated three-dimensional underground models allows precise
planning, minimizes errors, and enables efficient infrastructure
management.

Table 4. Threats

Explanation / Example

Seismic and hydrogeological risks

High groundwater levels, porous soil, and seismic activity require complex
and costly waterproofing and soil stabilization measures.

Uncontrolled construction and
urbanization

Unplanned settlements that are later legalized by remediation plans
complicate urban planning and slow down the implementation of new
planning documentation.

Risk of destruction of cultural-
historical layers

Soil vibrations, inadequate archaeological protection, and unregistered
sites threaten the preservation of archaeological and historical heritage
during underground works.
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Factors such as noise, presence of microparticles, increased humidity, and
feelings of claustrophobia can negatively affect acceptance and use of
underground spaces.

Negative impacts on end users of
space

Extended timelines, changes in public budget priorities, and unpredictable
Economic and political instability | costs can jeopardize the realization of capital investments in underground
infrastructure.

3.3. International Practices: Lessons from Helsinki and Singapore

Cities like Helsinki and Singapore were purposefully selected as reference examples in this study because they
differ in institutional and planning approaches, each offering valuable insights for defining development directions
in the context of Belgrade.

3.3.1. Helsinki

The city of Helsinki represents one of the most advanced examples of macro-level underground space planning
in contemporary urbanism. As early as 1986, Helsinki developed the first plan for the allocation of underground
space at the city-wide level, which included spatial mapping of underground layers and vertical usage zones [17].
The first General Plan for underground space was adopted in 2010, and since 2017 a revision has been underway,
which was adopted in 2021 [18]. This plan holds the legal status of a planning document, making it binding for
implementation [19]. Underground spaces are not considered in isolation but are mandatorily integrated into the
General Urban Plan and detailed plans. In this regard, vertical integration of aboveground and underground spaces
is legally required. The plan specifies reserved areas and coordination relations for key underground transport and
utility infrastructure, as well as proposed zones for constructing underground public service facilities and
pedestrian systems. Numerous positive effects of urban underground space usage were taken into account, such as
contributing to an ecologically sustainable and aesthetically acceptable landscape, expected longevity of
constructions, and preservation of potential for urban development for future generations. This attests to the
application of sustainable and human-centered development concepts [20]. Among the planning tools for
underground space management in Helsinki are:

e Categorization of underground zones by depth and purpose. Helsinki plans the underground space
in three dimensions, separating functions by vertical layers. Shallower layers are intended for metro
and pedestrian zones; middle layers for garages, storage, commercial facilities, while deeper layers
are reserved for energy and technical infrastructure.

e 3D Digital Models. Advanced 3D Geographic Information System (GIS) is used for mapping, linking
existing and planned objects, geological conditions, infrastructure, ownership, and usage rights. These
models enable simulation of functional conflicts and better strategic decision-making. For example,
around 400 functional underground objects are recorded in the plan, while more than 600 locations
are designated for future development [21] — from public pools and sports-recreational facilities to
data centers. At the same time, the energy aspect is considered: stable underground temperatures
enable more efficient cooling of server equipment, while surplus heat will be used for heating
residential buildings [16].

e Centralized Underground Database integrates data on existing tunnels and underground facilities,
permits, usage rights, infrastructure networks, and hazard zones (e.g., groundwater). It is available to
investors and designers, speeding up permits and reducing spatial conflicts.

e Participatory planning and transparency. Helsinki employs open platforms and digital tools (such
as Map Service and Helsinki 3D+) to provide citizens, experts, and decision-makers insight into
projects, opportunities for commenting, and better understanding of spatial consequences of
underground interventions.

3.3.2. Singapore

Unlike Helsinki, Singapore does not have a separate underground space planning system; instead, it integrates
underground planning within its existing two-tier urban planning framework — the legally binding Concept Plan
and the non-binding Special and Detailed Control Plans, which serve as guidelines. These plans set long-term
strategic directions for the use and development of the entire underground space. Key planning tools for
underground space management in Singapore include:
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e Zoning of Underground Areas. Specific zones for underground development are not explicitly
defined. However, an analysis of Singapore’s Master Plan reveals that areas such as Marina Bay,
Punggol Digital District, and Jurong Innovation District undergo detailed three-dimensional
underground space planning [22,23], which emphasizes the interdependence of layers and functions.

e  Geotechnical 3D Models. Singapore’s 3D planning primarily focuses on geotechnical aspects and
stratification, producing a 3D geological model based on extensive borehole data, enabling efficient
planning of urban underground functions.

e Participatory Planning and Transparency. Participation efforts in Singapore are more investor-
focused. For example, the Urban Redevelopment Authority (URA) developed a Pedestrian Network
Strategy aimed at reducing surface congestion. The strategy proposes a 29 km network of underground
pedestrian corridors to improve access to central urban zones. Private investors can compete for URA
grants to construct underground passages at 20 designated locations. These spaces are exempt from
the standard gross floor area limits, incentivizing their implementation. [24].

4. DISCUSSION

Both examples demonstrate a stable legal framework governing the relevant issues: in Singapore, this is the
Planning Act [25], while in Finland it is the Maankéyttd- ja rakennuslaki [26]. These laws provide a legal basis
that is long-term aligned with the needs of urban development and planning policies. In 2015, Singapore adapted
two laws to the requirements of underground urbanism: the State Lands Act, which specifies the depth to which
land parcel owners hold property rights — below which the underground space belongs to the state [27] — and the
Land Acquisition Act, which enables expropriation of specific underground layers [28].

Serbia, on the other hand, during the same period, underwent multiple amendments to its legal framework,
completely changing approaches, terminology, and by-laws. The latest Law on Planning and Construction (2009)
has undergone 15 amendments so far, indicating instability and inconsistency in the legal status of spatial and
urban planning, or even legislative adjustments influenced by individual interests [29]. A stable and clearly defined
legal framework, like those in Singapore and Finland, highlights the importance of the legal system keeping pace
with development needs and ensuring predictability and consistency in implementation — an absolute prerequisite
for successful urban planning and project execution.

Table 1. Comparative Overview of Underground Space Governance in Helsinki and Singapore

Element Helsinki (Finland) Singapore

Planning Act (1998); Land Acquisition Act

Legal Framework (2015); State Lands Act (2015)

Land Use and Building Act (1999)

Underground development integrated within
the overall Master Plan (2019), with concept
projections up to 2025

Underground

. Underground Master Plan adopted in 2010
Planning

Centralized governance under the URA,

Planning Governance

Collaborative approach involving local and
national authorities

which oversees planning and implementation

Utilizes 3D modeling and Building

Bls%ltal Technology Information Modeling (BIM), though not Elr; t;;‘(l)(l)zns l?ncooﬁp;:h\i?rstgaﬁ gliiltzl :)V:;n

fully integrated into a digital twin p £ap
Underground Space Primarily allocated for public infrastructure Emphasizes maximizing spatial utilization for
Usage and community functions a variety of functions

Geological Conditions

Predominantly hard granite bedrock
conducive to tunnel construction

Complex mixed soil conditions necessitating
advanced geotechnical solutions

Public Participation

Extensive citizen involvement through public
consultations, participatory platforms, and
urban models
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Focuses on sustainable urban expansion and Addresses urban density challenges and
preservation of public spaces; views surface space optimization, positioning
underground as a public asset underground space as a valuable resource

Role of Underground
Space

Prioritizes economic development and
efficient space use under expert-led
centralized management

Emphasizes public needs with strong linkages

Strategic Orientation .. .
to participatory planning processes

4.1. Recommendations for Belgrade

The experiences of cities such as Helsinki and Singapore underscore the critical role of institutional
coordination, digital infrastructure, comprehensive planning, and legislative frameworks in the development of
underground spaces. Belgrade has the opportunity to draw lessons from these examples and create its own model
of underground urbanism tailored to local conditions while aligning with global trends. Based on the conducted
analyses, the paper recommends several key guidelines for Belgrade:

1. Legal Framework

A new law should be enacted that explicitly defines the legal status of underground space, including usage rights
and permits for underground structures, ownership rights in the vertical axis, and the methods for integration into
all levels of planning documentation. It is essential to ensure a stable legal and regulatory framework without
frequent amendments that destabilize the professional system. Additionally, the establishment of a permanent
expert group or institutional system encompassing urban planning, geology, energy, transportation, and communal
infrastructure... is recommended to address underground urbanism comprehensively, where the Belgrade metro
and rail systems would be one branch within this broader framework.

2. Planning Framework
Belgrade should introduce a strategic framework for underground urbanism, either through a dedicated document
following the Helsinki model or via integration into the existing planning system in the manner of Singapore, with
mandatory vertical coordination of planning documents. Furthermore, underground space should be explicitly
incorporated as a distinct domain within the General Urban Plan of Belgrade 2041, which is currently in draft
form. Presently, underground urbanism is not explicitly singled out but is only partially addressed through sections
dealing with communal and transport infrastructure.

3. Digitalization and Geographic Information Systems (GIS)

A digital foundation for underground space planning must be established, utilizing a 3D GIS model and a
centralized database accessible to all relevant stakeholders. The planning approach should be modernized and
aligned with contemporary ICT tools. For example, Helsinki employs a 3D GIS system incorporating data on
geology, ownership, and infrastructure, while Singapore utilizes detailed geological models and runs the Digital
Underground project, enabling interoperability of data and integration with BIM/GIS standards. Singapore leads
in the integration of 3D digital models encompassing all planning layers, including underground space, effectively
implementing digital twins.

4. Categorization and Zoning of Underground Space
A zoning system should be developed that combines functional use and depth stratification with predetermined
priorities for underground space development.

5. Public Participation and Education
Belgrade requires public digital platforms, educational workshops, and spontaneous information dissemination
systems, grounded in the principle that public interest should prevail over individual interests. A combined
approach inspired by Helsinki and Singapore could be adopted. Helsinki utilizes digital platforms such as Helsinki
3D+ and Map Service for citizen participation, while Singapore engages the public through consultations during
the amendment phases of the Master Plan.

6. Energy Efficiency and Sustainable Use
Planning of underground structures in Belgrade should incorporate options for passive heating and cooling, as well
as integration with renewable energy sources, following Helsinki’s example of sustainable underground
development.
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5. CONCLUSION

Beograd is at a stage where it can proactively define a model for managing underground space. The experiences
of Helsinki and Singapore highlight the importance of a stable institutional framework, digitized infrastructure
data, integrated and multi-layered planning, cooperation among all institutions and sectors, and the application of
sustainable technological solutions.

Based on all of the above, Belgrade is closer to the Singapore model, as it enables gradual but firmly
institutionalized integration of underground space into the existing planning system. A key advantage of the
Singaporean approach lies in the consistent application of a hierarchical planning system, strong legislation, and
thorough technical-geological grounding. In this light, Belgrade needs to restore the principle of continuity in
planning that existed within the Belgrade General Plan 2021, which ceased to be valid upon the adoption of the
General Urban Plan 2021. Restoring this type of planning continuity, together with digitalization,
interdisciplinarity, and transparent participation, is a fundamental prerequisite for responsible and sustainable
development of underground Belgrade.
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SENSITIVE INTEGRATION OF UNDERGROUND SPACES IN HELSINKI’S URBAN
FABRIC: FROM GEOLOGY TO ARCHITECTURE

Laure Bertrand?, Cyrielle Rozé?

Abstract: The increasingly prevalent development of planning underground urban spaces and their application in urban
environments raises new questions related to the design of underground structures. Specifically, the challenges in designing
underground structures within the geological space and the emergence of new imaginary representations in the world of
architecture necessitate a reevaluation of the role of the underground architect in the future and the further advancement of
urban environments. This paper explores new approaches to urban design that would help address the current ecological and
sociological challenges faced by today's urban environments. As a model, existing underground spaces in Helsinki (Finland)
were studied, focusing on how, through architectural and sensory perception, these spaces can evolve into eco-socially
acceptable areas, overcoming the current limitations posed by established practices, regulations, and standards. The
methodological approach is based on a dialogue between multiple scientific fields: architecture, urbanism, cognitive sciences,
geology, and engineering. The aim of the research is to develop specific methodological tools for future underground architects,
which would enable a better understanding of underground urban spaces, their sensitivity in pushing the boundaries of design,
and their integration into existing urban environments. In addition to revealing that the role of the architect in a highly technical-
technological environment is complex, the paper also demonstrates a structural gradation from the geological dimension to
architectural space, through human perception, to the graphic and sensory representation of underground structures, thereby
illustrating the specific methods used in the study of selected underground spaces. As a result, guidelines and recommendations
emerge, intended for project managers seeking tools to mobilize new skills in the field of underground space/structure design.
Therefore, this paper should not be interpreted as a list of reproducible solutions for every territory but rather as a sharing of
research tools and methodologies applicable in professional practice.

Keywords: Eco-social Resilience - Helsinki - Spatial Materiality - Sensory Perception - Underground Architecture

1. INTRODUCTION

This study is part of our final-year project at architecture school. It stems from a personal and professional inquiry
developed over the years: the role of the underground in the making of the contemporary city. Too often reduced
to an abstract line on a plan or confined to purely technical use, the urban ground appeared to us as the hidden side
of the city, full of architectural, urban, and sensory potential that remains largely untapped. From this arose a
central reflection: how can we recover the memory of these invisible spaces? How can we reveal their sensory and
imaginative dimensions?

The city of Helsinki emerged as an ideal case study. Known for its exemplary underground planning policy, its
favorable granite geology, and a network of underground spaces carefully integrated into urban planning, Helsinki

! Architect, Bertrand Laure, Urbanism student, Ecole Nationale Supérieure d'Architecture de Lyon, 3 Rue Maurice Audin, 69120 Vaulx-en-

Velin, France, laurebetrand2000@hotmail.fr

2 Architect, Rozé Cyrielle, Civil Engineering student, Ecole Nationale Supérieure d'Architecture de Lyon, 3 Rue Maurice Audin, 69120 Vaulx-

en-Velin, France, roze.cyrielle@gmail.com

143


https://doi.org/10.46793/ACUUS2025.1.13.6
https://www.google.com/maps/place/data=!4m2!3m1!1s0x47f4c08ca704ae47:0x6c945fe929264a8d?sa=X&ved=1t:8290&ictx=111
https://www.google.com/maps/place/data=!4m2!3m1!1s0x47f4c08ca704ae47:0x6c945fe929264a8d?sa=X&ved=1t:8290&ictx=111
https://www.google.com/maps/place/data=!4m2!3m1!1s0x47f4c08ca704ae47:0x6c945fe929264a8d?sa=X&ved=1t:8290&ictx=111
https://www.google.com/maps/place/data=!4m2!3m1!1s0x47f4c08ca704ae47:0x6c945fe929264a8d?sa=X&ved=1t:8290&ictx=111

19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

represents a model still largely unknown to the general public. These spatial configurations—sometimes
monumental, often invisible, deeply resonated with us (see Figure 1)

1
3

ot

Set of photographs of the underground spaces in Helsinki, taken during the survey in November 2023.

As future architects, we felt the need to explore a new way of thinking about the city, one that complements the
approaches taught in traditional academic curricula. An approach that addresses environmental, social, and
technical challenges while also enhancing the sensory richness of architectural experience. The central question
guiding our work is: In a context of urban densification, environmental crises, and increasing demands for
sustainable infrastructure, how can a redefinition of the architect’s role contribute to enriching urban
underground environments?

Our approach is based on two complementary axes. The first involves developing specific methodological tools to
understand underground spaces, their dynamics and their potential for integration within the city. The second aims
to translate these tools into concrete architectural proposals that embody the spatial, constructive, and sensory
qualities of the subterranean realm. These experiments were carried out at multiple scales, from urban readings to
architectural details, and led us to challenge certain traditional graphic representation methods. Indeed, how can
we represent and convey the experience of inherently invisible spaces? What kind of narrative can we develop to
legitimize their inclusion in the contemporary urban story?

Our project presents a series of architectural fragments designed as interfaces between the surface and the
underground, revealing the richness of Helsinki’s subterranean landscape. It is both a critical investigation,
questioning the conventional functions of the underground (technical, logistical, hidden), and a sensitive proposal
aimed at renewing urban imaginaries. By moving beyond purely technical considerations, we strive to adopt a
holistic approach to underground architecture, interweaving geological knowledge, spatial design, and human
perception. This exploration highlights the impact of underground materiality on the senses, on usage, and on
memory with the goal of designing spaces that are sustainable, sensorially rich, and meaningful. This study is
intended for anyone interested in the urban invisible: architects, urban planners, engineers, artists, geologists, or
simply the curious. It aims to reinvent our relationship with the ground and to open the way for a new way of
imagining and designing the city, one that is conceived simultaneously above and below ground, in response to
the challenges of tomorrow.

2. MATERIAL AND METHODS: HOW TO GRASP THE INVISIBLE SPACE FROM A
METHODOLOGICAL PERSPECTIVE?

To carry out this research project, we established a structured methodological framework divided into several
chronological phases, with the goal of designing architectural proposals presented in the third part of this work.
This methodology is organized around three key stages: before our stay in Helsinki (preparation and research),
during our time on site in November 2023 (fieldwork, surveys, documentation), and after, through a cartographic
production informed by our observations. Our approach thus lies at the intersection of three complementary modes
of inquiry: theoretical research (state of the art), action-based research (in situ exploration tools), and research
through creation (by translating our analysis into design proposals).

144



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

2.1.  Theoretical Contribution on the Underground: Conceptualization and State of the Art

Initially, we relied on a theoretical framework to familiarize ourselves with certain concepts related to the
underground and to conduct a state-of-the-art review of writings on the underground spaces of Helsinki before
proceeding with our fieldwork.

The term “urban mangroves”, borrowed from architect David Mangin?®, is used to describe the dense and branching
underground networks of large cities, resembling the roots of a mangrove. It highlights the interplay between
transport hubs, destinations, and interfaces in excavated spaces. These spaces, though underground, are highly
valued for their commercial profitability and their ability to facilitate urban mobility. However, this raises the
question of whether these spaces can accommodate uses beyond commerce. According to Deleuze et Guattari?,
the root represents a centralized, hierarchical system. In contrast, the rhizome embodies a horizontal, decentralized
structure that is in constant expansion. When applied to underground urban networks, it reveals a multitude of
connections between independent cores. Unlike the mangrove, the rhizome provides a relevant theoretical
framework for thinking about the complex organization of the underground.

Additionally, we drew upon four underground projects that illustrate different contemporary uses of the
underground, revealing both its potential and its limitations. The Earthscraper in Mexico city® demonstrates that
excavation allows for densification without affecting heritage, but it raises social, regulatory, and acceptability
issues related to underground living. Data centers and logistical tunnels® reveal a strategic use tied to technology,
but raise concerns about surveillance, data security, profitability, and energy sustainability. Underground farms’
respond to the scarcity of urban agricultural land but raise questions about artificiality, energy consumption, and
ecological viability. These cases raise a central question: how far can we legitimately dig, and under what
conditions?

To frame our approach, we also integrated theoretical references on the concept of the underground, particularly
through the idea of the Critical Zone. This concept, developed by researchers such as Bruno Latour, refers to a
thin layer of the Earth where rocks, water, life, and humans interact.? It allowed us to reposition the underground
as a living, dynamic space, constantly interacting with its environment. In parallel, we drew upon the work of
architects, artists, and writers on the sensory perceptions of architecture. These references guided our attention
toward the materiality of the ground, the atmospheres, and the perceptible clues within underground spaces. As
architect Bruno Barroca notes, “The quality of these thick or interior spaces, mostly invisible from the outside, is
primarily assessed through the experience of the body in motion, the factors of ambiance (light, heat, sound,

smell...), and the clarity of their organization™.

2.2.  Surveying the City of Helsinki: Between Sensory Mapping and Exchanges

In November 2023, we spent around ten days in Helsinki to conduct an in-depth field survey and further develop
our methodological approach. This immersion allowed us to confront our initial hypotheses with on-the-ground
realities through meetings with specialists in architecture, urban planning, engineering, and geology. We also
employed various observation tools, such as photography during visits to underground spaces, sound recordings
to capture the atmosphere of these places, and short street interviews aimed at gathering perceptions, subjective
representations, and imaginaries held by Helsinki’s residents regarding the presence of the underground in their
city.

3 Mangin, D. & Girodo, M. (2016). Mangroves urbaines : du métro a la ville (Paris, Montréal, Singapour), Paris : La Découverte (collection
Dominique Carré).

Krtolica, 1. (2021). Le rhizome deleuzo-guattarien « Entre » philosophie, science, histoire et anthropologie. Rue Descartes, 99, 39-51.
https://doi.org/10.3917/rdes.099.0039

3 Tahmasebinia, F., Yu, K., Bao, J., Chammoun, G., Chang, E., Sepasgozar, S., & Alonso Marroquin, F. (2020). Earthscraper: A Smart
Solution for Developing Future Underground Cities. IntechOpen. doi: 10.5772/intechopen.87217

6 Beqiri, J. (2021). The implications of technological progress in architectural thinking: The future impossibility for an architecture of

hiding. IOP Conf. Series: Earth and Environmental Science 703 012001, doi:10.1088/1755-1315/703/1/012001

7 Labbé, M. (2016). Architecture of underground spaces: From isolated innovations to connected urbanism. Tunnelling and Underground

Space Technology.
8 Gaillardet, J., & Boudia, S. (2021). La Zone critique : Vers de nouvelles pratiques scientifiques pour réduire les ignorances dans
I’anthropocene. Revue d'anthropologie des connaissances, 15(4). https://journals.openedition.org/rac/25340

? Barroca, B. (2019). Espaces souterrains et synergies spatiales. Communications, 105(2), 195-205.
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2.3.  Cartographic Methodology Post-Surveying

Following our field survey, various site recordings, and the documents available to us online, we developed a
cartographic analysis method structured around three key aspects: first, underground urban planning, including an
understanding of the existing masterplan; second, an analysis of the underground landscape in relation to the
geological characteristics of the ground; and finally, a study of the in-between spaces that connect the surface and
the underground.
1. Analysis of Underground Urbanism: Overall Concept of Development and
Planning of Underground Space in Helsinki

In Helsinki, the planning of underground spaces is governed by a
masterplan developed as early as the 2000s, based on a long-term
strategic management approach. This guiding plan, which is regularly
updated, coordinates current and future uses of the underground in
relation to the surface urban fabric. It identifies available bedrock
resources, allocates land reserves, and defines planning criteria such as
soil quality, accessibility, and potential uses. More than 200 kilometers
of tunnels and 400 underground facilities have already been
documented.®

Based on this masterplan, the method of depth-layer decomposition
helped clarify the vertical organization of underground spaces in
Helsinki, which is often difficult to interpret in traditional plans. Each
stratum serves specific functions: the levels closest to the surface (K1
to K2, up to -5 meters) accommodate cellars, shops, and parking
facilities, while intermediate levels (down to -30 meters) house the
metro and deeper parking structures. The lower layers (down to -70
meters) are reserved for road tunnels, military, and technical

Master plan of Helsinki’s underground
spaces, created by the City of Helsinki’s
Urban Planning Department and approved in

December 2010. infrastructures.  This stratification reveals a lack of direct
interconnection between levels, with the few existing links being of a

I

military nature.

Excerpts of plans showing different depth layers of underground spaces in central Helsinki
(1: between -10 and -20m; 2: between -30 and -40m; and 3: between -40 and -70m), personal work, 2024.

2. The Underground Landscape of Helsinki: Geological Foundation and
Architectural Potential

The underground landscape of Helsinki reveals its complexity and geological history through its visible rock
stratifications on the map (Figure 5). The predominant presence of plutonic rock, particularly granite, is shown in
orange. The geotechnical properties of Helsinki’s soil are bimodal, consisting of soft clay and hard bedrock. One-
third of the ground is made up of clay with an average thickness of 3 meters. The average depth of the bedrock
substrate is 7 meters, but it varies from 0 to 70 meters.** This hard and relatively shallow bedrock is ideal for
excavation by blasting, requiring minimal support and providing a stable foundation for construction.

10 Véhdaho, I. (2018). Urban Underground Space - Sustainable Property Development in Helsinki. City of Helsinki, Urban Environment
Publications. ISBN 978-952-331-436-8

11Iké‘\valko, 0., Satola, I., & Hoivanen, R. (2016). Helsinki TU1206 COST Sub-Urban WG1 Report (22 p.).
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The city has strategically reserved vast rocky areas for future developments, recognizing their potential. These
favorable geological characteristics, combined with the harshness of the winter climate, have been the main drivers

behind the development of this unique underground dimension in Helsinki.

Map of the bedrock depth Guide map of Helsinki’s underground spaces overlaid
and designated rocky zones in Helsinki, on the rock strata, personal work, 2024.

personal photograph, 2024.

3. Survey of Interfaces Between the Underground World and the Aboveground
World

The survey of interfaces served as a methodological tool to analyze the relationship between underground spaces
and the surface. By identifying and mapping visible surface clues, such as staircases, elevators, ventilation shafts,
light wells, military doors, and more, we were able to decipher the hidden morphology of buried infrastructures.
This work relied on a detailed reading of the urban landscape, combined with an overlay of underground and aerial
plans to locate and classify the interfaces into eight major typologies, which we will analyze later.

This survey made the invisible visible, helped us understand the flows (air, light, matter) between the two levels,
and questioned their complementarity. It reveals the necessity to conceive surface and underground spaces jointly,
within a logic of integrated synergy.

3. RESULTS: CONCLUSIONS DRAWN FROM THE METHODOLOGICAL TOOLS

Returning to the central question concerning the architect’s role in designing underground spaces and their use of
the methodological tools employed, we now present the conclusions drawn from these analyses. These results shed
light on new perspectives for integrating the underground into urban projects, taking into account its spatial,
technical, and sensory specificities.

3.1. A “peri-urban” underground space

The hypothesis of an underground city in Helsinki is actually invalidated by the way the subsurface is used. It does
not form an integrated urban network but acts as a dependent and subordinate space. Like the suburban belt, the
underground surrounds the city and serves it, but does not function autonomously. It mainly hosts technical or
service functions, similar to those historically relegated to the urban outskirts. This functional and symbolic
marginality reinforces its status as a “suburb of the above-ground,” according to Monique Labbé'?. The
underground becomes a receptacle for what the surface rejects, despite strategic planning. This raises questions
about the sustainability of its exploitation and the limits needed to avoid depleting the geological resource.

12 Labbé¢, M. (2004). Offre et demande d’espace souterrain. In Vingt mille lieux sous les terres: espaces publics souterrains. Lausanne :

PPUR presses polytechnique, p.167
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3.2.  Atlas of interface typologies in Helsinki through redrawing and surveys

Fibd Based on our photographic surveys conducted on-site in Helsinki and a
cross-analysis of urban plans, we identified and redrew eight typologies
of underground interfaces. The kiosk, a small access structure often
located on sidewalks, provides a sheltered transition to the depths. The
station, more developed, offers a designed threshold, marking a symbolic
pause. The concealed interface, intended for emergencies, remains
invisible and inaccessible under normal circumstances. Respiratory
structures enable ventilation, though they remain discreet at the surface.
The significant device stages a view into the underground, giving public
value to the buried space. The fissure in the rocky landscape inserts itself
into the granite, evoking depth without explicitly revealing it. Gentle,
| ; raw, and expansive slopes accommodate vehicles and sometimes
t - = pedestrians leading to deeper spaces. Finally, the emerging shaft, a small

N

Excerpt from the o discreet element, signals the presence of the underground at the base of

illustrations of the atlas of interface facades. Each interface has been graphically reconstructed to reveal the

typologies in Helsinki, personal work, spatial, functional, and symbolic logics of the connection between
2024. surface and underground.

3.3.  The materiality of the subsurface: an organism of flows

In Helsinki, the qualities of the underground are primarily determined by its bedrock. However, the quality of an
underground space is not limited to the quality of its rock. The subsurface is a complex domain at the heart of the
“Critical Zone,” where interactions occur between the atmospheric, hydric, geological, and biological spheres®®.
Its materiality is a dynamic entity, formed through the progressive transformation of matter 4, capable of evoking
physical sensations and psychological interpretations through its depth, density, and texture. Architect Clotilde
Félix-Fromentin describes it as a “giant organism™*® traversed by flows of materials and information.

Observations in Helsinki reveal this complexity. Uncoated rock walls show tectonic fractures, tool marks, and
chemical reactions, such as green, white, and brown stains caused by interactions between living and non-living
elements. These phenomena, including efflorescence from water on sprayed concrete and green stains linked to
moisture, illustrate constant interactions. Small basins collecting water leaks from ceilings provide a concrete
example of managing these material flows and their influence on design.

Therefore, underground architectural design must respond to this changing environment by considering these flows
and interactions to ensure the safety and viability of the spaces. Rather than hiding these physical and chemical
reactions, which are often perceived as flaws, the challenge is to integrate them in order to affirm the unique
identity of the underground landscape. This requires careful planning to address geotechnical risks and ensure the
resilience and sustainability of these structures.

Organic reaction, water collection cups, marks left by drilling tools, efflorescence phenomenon,
Formula Center leisure center, personal photographs, november 2023, Helsinki.

13 Valentin, C. (2018). Les sols au cceur de la zone critique (Série Les sols). ISTE editions.

14 His, G. (2015). La matérialité comme récit : d'un récit culturel a la production d'une pensée. Bulletin des bibliotheques de France (BBF),
(4), 30-44.

15 Grout, C., Blain, C., Coulais, J. F., Frangoise, C., Sylvie, S., Guillerme, A., et al. (2017). La ville souterraine : représentations et
conception. La part de I'invisible (Vol. Les dossiers du Latch). L/E de Lille.
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3.4. Sensory cues of the underground world: rethinking the design of subterranean architecture

Drawing on observations made in Helsinki and various case studies, we explored the materiality of the
underground through human perceptions, focusing on key themes: matter, light, temporality, and vegetation.
Underground spaces possess a unique spatiality where sensations are heightened due to their intrinsic
characteristics. Their design requires a different approach than surface projects. What are the sensory cues of the
underground world? How does the relationship between users and their environment make the underground
perceptible? Colonizing the subsurface should not simply be an escape from surface spaces. Burial should not be
a way to avoid. To reinvest the imagination in these spaces, they must strive to “create a world.” Underground
architecture must therefore consider atmospheres more extensively to offer a pleasant and sensitive experience.

Matter and surface constitute the very essence of the underground experience, where perception goes
beyond simple geometry to embrace an aesthetic and empathetic dimension. In these spaces, matter predominates
and shapes form, directly influencing our comfort and sensations. The choice of robust materials such as stone and
concrete, essential to withstand underground constraints, presents the challenge of preserving the intrinsic identity
of these places. To achieve this, a technique of partial lining is often favored. This method involves leaving natural
rock or the primary structure exposed in places. Far from being a mere artifice, this scenographic revelation of raw
material highlights the power and thickness of the surrounding mass, offering a tactile and visual understanding
of the environment.

In Helsinki, the underground material, notably granite, is intrinsically linked to architectural design. Its structural
robustness is fundamental, of course, but it is through the subtle play of its finishes, the light that sculpts it, and
the sensation it produces to the touch that it becomes an essential actor in creating sensory atmospheres.

Light plays a direct role in the design of underground spaces, influencing their quality, habitability, and
acceptance. Often perceived as dark and oppressive, the underground can instead become a sensitive and attractive
place through careful use of natural light, without necessarily relying on artificial lighting.'® Natural light reveals
the carved volumes, structures atmospheres, marks thresholds, and guides the perception of emptiness. Due to its
rarity, it enhances contrasts and strengthens the spatial experience. Devices such as light wells, narrow openings,
or reflections create subtle connections with the outside. Light can also blur the boundaries between surface and
depth, challenging the distinctions between interior and exterior.” Finally, it contributes to orientation, thermal
comfort, and sensory acclimatization upon descent.

To enrich the experience of underground spaces, artificial lighting remains
essential, allowing the creation of a “unity without uniformity.” Architects
distinguish five types of lighting atmospheres: base lighting (indirect, diffuse,
warm), threshold lighting (such as showers or light gates), pathway lighting
(regular punctuations), line lighting (graphic, colored, emphasizing movement),
and event lighting (exceptional installations).*® Depending on the project, light
sources may be either prominently visible or skillfully concealed.

= "INL'

Projections Colored illumination Tubular structures
of colored lights on the rock of the vaults in the cold water reservoir in bringing natural light into the
wall of the Finlandia parking downtown Helsinki. Potsdamer Platz Berlin metro station.
lot, personal photograph, https://www.researchgate.net/publica - https://www.krapfag.ch/en/reference-
november 2023, Helsinki. tion/326914950_Urban_Underground_Space_S projects/metal-construction/light-pipes-
ustainable_Property _Development_in_Helsinki berlin-potsdamer-platz/

16 Zunino, G. (2013). Pour une urbanité souterraine de qualité. Urbanités.

17 Thibaud, J-P. (1996). Mouvement et perception des ambiances souterraines.

18 Kohn, B., & Vaysse, J. P. (2004). Stratégies du projet souterrain : charte architecturale du métro du Turin. In P. Von Meiss & F. Radu

(Ed.), Vingt mille lieux sous les terres : espaces publics souterrains (pp. 136-147). Presses polytechniques et universitaires romandes.

149



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

Temporality can initially be approached through adaptability and shared use *°, allowing the underground
to be thought of as an evolving space capable of hosting multiple functions depending on the time (day/night,
seasons, future uses). In Helsinki, the climatic contrasts emphasize the value of these stable and protected spaces.
Their design must anticipate reversible and overlapping uses, integrating sensitive interfaces between surface and
underground (light, air, water, sound) from the early design stage. This approach helps to anchor the underground
within the urban system as a fully-fledged public space.

Considering temporality in the design of underground architecture also means addressing the impact of the absence
of natural temporal cues on users, a challenge especially relevant in climates like Helsinki, where dependence on
daylight is reduced. Studies have shown that deprived of sunlight and time indicators, individuals develop “social
clocks” to adapt, highlighting human resilience and the need to recreate these temporal references.?® To counter
temporal disorientation, designers incorporate solutions such as lighting that simulates the circadian cycle®,
reproducing the intensity and color of natural light. Additionally, integrating light wells or windows in semi-buried
structures, as seen in the Amos Rex Museum, helps maintain a visual connection with the outside and allows users
to perceive the passage of time. Ultimately, the goal is to minimize the disruption between the surface rhythm of
life and the underground experience, thereby ensuring user well-being and functionality.

From a certain depth, the temperature of the underground remains stable, independent of daily weather variations
such as rain, wind, or sunlight. Often, the physical boundary between the underground space and the outside is
airtight and insulated from temperature fluctuations.??> However, the perception of the climate by users remains a
challenge, as elements like air temperature, humidity levels, and air movement serve as important sensory cues.?
To compensate for this sensory disconnection, architects explore innovative solutions. For example, artistic or
structural devices, such as the moving cables at Saint-Maur station or Susumu Shingu’s kinetic sails at Osaka
airport, are designed to make the invisible presence of air and its movements perceptible, enriching the
underground spatial experience. Water, although a major technical constraint, is also used to connect the
underground to the surface: water leaks from groundwater tables can indicate external hydrological and climatic
conditions, as demonstrated by Kungstradgarden station and the Temppeliaukio Church. Rainwater is deliberately
allowed to flow along the rock walls, creating a visual and sensory connection to the outside.

Vegetation positively influences users’ perception
and the functionality of spaces, demonstrating that life can
thrive underground. It enhances aesthetics and purifies the

solar collection dish

irEcking'meshaism! air, making the environment more acceptable and
throughout the year welcoming. Scientifically proven, exposure to nature, even
eiia e underground, has therapeutic effects on psychological,

cognitive, and physiological health, reducing the fear of
confinement.?* To overcome challenges related to the
dome absence of natural light, innovative solutions such as fiber
e ORRIIDESSIAINETes optic transmission have been developed, enabling
photosynthesis and plant growth. Finally, the integration of
green walls and the selection of suitable plants improve
acoustic comfort and open future possibilities, such as
underground agriculture, to optimize space use.

green space
ur

Lowline Project, transmission
of natural light via fiber optics, designed by James
Ramsey and Dan Barasch
http://thelowline.org/about/project/

19 Pradel, B. (2013). Processus de réversibilité et rythmes des transformations urbaines : penser la ville a pile ou face ?. in Scherrer, F. &

Vanier, M., Villes, territoires, réversibilité. Paris : Hermann, pp. 237-248

20 Tafforin, C., Christian, C., & Roumian, J. (2023). Social Clock and Social Sun as Adaptive Strategies of Human Behavior Without Time
Cues and Sunlight in an Underground Environment. Journal of Humanities and Social Sciences Studies, 5, 15-26.

21 Duez, H., & Pourcet, B. (2022, ao(it 1). Récepteurs nucléaires et rythmes circadiens. Med Sci (Paris), 38(8-9), 669-678.

22 Guide énergie, La région Auvergne-Rhone-Alpes

23 Von Meiss, P., & Radu, F. (2004). Vingt mille lieux sous les terres : espaces publics souterrains. Presses polytechniques et universitaires
romandes..

24 Santé, environnement et changement climatique. Santé humaine et diversité biologique. Rapport du Directeur général.
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3.5. Representations of the invisible space: underlying issues

In Helsinki, the mapping of underground spaces is currently limited. The only existing document, a master plan,
reveals a gap between the perception and the reality of these infrastructures. As demonstrated by the method of
decomposition by depth layers, Helsinki’s underground spaces do not form an interconnected network. Rather,
they appear as a series of independent “nodes.” These nodes, often isolated and not connected to the metro or to
each other, serve specific functions. Movement between them depends entirely on the surface. This disconnection
is intentional, notably for security and military reasons, as required by the underground master plan?®. Thus, the
development of an interconnected underground network is secondary to the safety and proper functioning of
existing spaces.

As a unique form of architecture shaping void within solid, the underground demands a specific form of
representation. It is necessary to reclaim traditional methods such as sections, plans, and elevations and adapt them
to this particularity. This reinterpretation involves several approaches: using the negative, extending sections into
the subsurface, exploring materiality through models, collages, and decomposition into depth strata. These
representational tools are essential to convey the spatiality of the underground, express concepts and atmospheres,
develop projects, and clarify the technical aspects of construction and maintenance. Accurate and appropriate
representation is an indispensable preliminary step for the effective design and management of underground
spaces, thereby facilitating communication among all stakeholders.

3.6.  Critical reflection on underground programming

Finally, based on our state of the art and field survey, we can conclude that the programming of underground
spaces today remains predominantly functional, technical, or defensive, particularly in Helsinki, where these
places are seldom conceived as spaces of urbanity or social interaction.?® Considered mainly as conduits for flows
or shelters, they struggle to be perceived as genuine public spaces. However, a programming approach that
integrates human dimensions, light, air, and connections to the surface level could transform these places into
high-quality urban environments.?” It would require moving beyond a purely utilitarian logic to imagine mixed,
evolving, and sensitive uses. This implies redefining the relationship between surface and depth by incorporating
the underground into an urban strategy of synergy. Finally, energy, climate, and construction challenges (such as
the reuse of excavated materials) further strengthen the case for a renewed approach to the subsurface as an active
component of the city.

4. DISCUSSION: THE INVISIBLE AS A FOUNDATION FOR AN ARCHITECTURAL NARRATIVE

Building on the conclusions drawn from our methodological tools in the first and second parts, we propose in this
final section to envision the underground of Helsinki through architectural experiments called “fragments of the
invisible space.” These consist of about ten projects exploring the potentials of the underground beyond mere
infrastructure. Some of these “fragments” represent symbolic or critical projects, questioning the underground as
a consumer of material and involving heavy processes. Other fragments reconnect with the living by highlighting
natural elements and underground cycles (water, soil, climate) without obstructing them. Most also aim to take
advantage of the environmental qualities of the subsurface (energy, thermal inertia), while carefully managing the
interfaces between surface and depth (light, air, water, sound). Finally, they raise the question of possible uses:
what role and urban functions can these buried spaces have?

2 Véahdaho, I. (2011). Helsinki Experience with Master Planning for Use of Underground Space, Conference on Planning and Development

of Underground Space
26 Deraéve, S. (2018). Des cartes pour représenter les profondeurs de la ville verticale. Géographie et cultures, 107, 67-87.

27 Zunino, G. (2013). Pour une urbanité souterraine de qualité. Urbanités.

151



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

4.1. Fragment “Aquathermy”

Perspective section illustration of the “Polar Night” fragment in Helsinki, underground market,

personal work, 2024.
The project explores the deep relationship between Helsinki and water, a central element of its urban identity. The
route runs along the quays of the Kruununhaka district, where sounds and architecture engage in a sensitive
symbiosis between art and nature. Beneath the surface, a vast aquathermal system exploits the heat stored in water-
filled caverns nestled within the granite. This underground network uses heat pumps to capture, transfer, and
redistribute thermal energy throughout the year. The system maintains ecological balance by returning the water
to the sea at a constant temperature. Thus, water becomes the discreet engine of a sustainable and poetic energy
future for the city.

4.2. Fragment “Confined Aquifer”

The project offers an immersive cycling experience in the Kluuvi
district, where the cyclist traverses the city while engaging in a
subtle exploration of the relationship between the underground and
the surface. A bike path connects two major axes and transports
users through a space where time and climate become almost
indefinable. The route symbolically passes above a groundwater
table, a living ecosystem that responds to climatic conditions,
revealing the constant dynamics between underground waters and
surface phenomena. This crossing is made via a floating footbridge
that fluctuates with the water levels, offering a tactile experience of
the invisible variations below. In this silent cavern, the visitor
becomes a witness to the secret vastness of subterranean water,
providing a profound awareness of the beauty and fragility of this
natural balance. The project invites meditation on the
Perspective section interconnection between earth, water, and climate, while offering a
illustration of the “Confined Aquifer” fragment — POetic glimpse into the city’s underground world.
in Helsinki, bike path, personal work, 2024.

4.3. Fragment “Pit”

Photograph of the Perspective section illustration of the “Pit” fragment
model produced for the “Pit” fragment, in Helsinki, underground library, personal work, 2024.
personal work.
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The Pit project is an underground library carved into a granite hill, where books are protected from direct light and
climatic variations. The wooden architecture visually integrates with the rock while standing apart from it, allowing
water to flow freely through the fissures, enhancing the atmosphere of the space. Natural ventilation is organized
around a central pit, ensuring renewed air. Soft lighting highlights the granite’s textures, offering a tactile reading
of the space. This fragment demonstrates how an interface can address technical challenges while enriching the
project through its design. Here, water is not constrained but integrated, contributing to the poetry of the place.
The sequence of thresholds, ascending, crossing, descending, blurs the boundaries between outside and inside.

4.4. Fragment “Cine-thermy”
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Cross perspective section illustration Longitudinal perspective section
of the “Cine-thermy” fragment in Helsinki, underground illustration of the “Cine-thermy” fragment in Helsinki,
cinema, personal work, 2024. underground cinema, personal work, 2024.

The project transforms Narinkka Square in Kamppi into a dynamic crossroads where commercial life, culture, and
mobility intersect beneath a large canopy. This structure conceals airflow between the ground and the underground,
and houses an underground cinema accessible via a central staircase. Inspired by natural caves, the interior
architecture blends rock and light to create an immersive atmosphere. Heat generated by spectators and equipment
is recovered through a cine-thermal system and redistributed to surface installations. A network of pipes ensures
natural ventilation and supports the structure. The project thus combines geology, energy, and architecture into a
coherent and sustainable whole.

5. CONCLUSION

Exploring Helsinki’s underground spaces led us to question the architect’s role in relation to these invisible
territories, often reduced to technical or utilitarian functions. Despite exemplary planning and a rich geological
setting, the underground remains largely compartmentalized, poorly connected to everyday urban uses, and rarely
designed as a space for living. It is still conceived mainly as a network of services dominated by logistical, security,
or defensive logics.

Our approach, combining theoretical analysis, sensitive surveying, and project-based experiments, aimed to move
beyond this fragmented vision. We sought to build a broader understanding of the underground by considering its
materiality, light, atmospheres, flows, and its place within contemporary urban narratives. These elements reveal
a spatial and sensory potential that remains underexploited, which only a transversal approach can activate.

The architectural fragments developed in this work propose another way to conceive these spaces as extensions of
the public realm, places for climatic, social, or cultural experimentation. They show that when designed in synergy
with the surface, integrating the soil’s unique qualities and working on the interfaces, the underground can
accommodate mixed, evolving, and meaningful uses.

This is not about idealizing these spaces or proposing a single model, but rather recognizing them as a legitimate
field of intervention that requires specific tools: adapted mapping, rethought modes of representation, and attention
to perception and temporality. The underground thus becomes an active component of urban production, both a
physical constraint and a resource for the city.
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This work does not offer turnkey solutions, but rather a framework and design tools adaptable to other contexts. It
calls for an evolution in the architect’s role, one able to navigate between surface and depth, between technicality
and perception, to fully integrate the underground into contemporary urban thinking.

6. BIBLIOGRAPHY

[1] Barroca, B. (2019). Espaces souterrains et synergies spatiales. Communications, 105(2), 195-205.
[2] Beqiri, J. (2021). The implications of technological progress in architectural thinking: The future impossibility for
an architecture of hiding. IOP Conf. Series: Earth and Environmental Science 703 012001, doi:10.1088/1755-

1315/703/1/012001

[3] Deraéve, S. (2018). Des cartes pour représenter les profondeurs de la ville verticale. Géographie et cultures, 107, 67-
87.

[4] Duez, H., & Pourcet, B. (2022, ao(t 1). Récepteurs nucléaires et rythmes circadiens. Med Sci (Paris), 38(8-9), 669-
678.

[5] Gaillardet, J., & Boudia, S. (2021). La Zone critique : Vers de nouvelles pratiques scientifiques pour réduire les
ignorances dans I’anthropocéne. Revue d'anthropologie des connaissances, 15(4).

https://journals.openedition.org/rac/25340

[6] Grout, C., Blain, C., Coulais, J. F., Francoise, C., Sylvie, S., Guillerme, A., et al. (2017). La ville souterraine :
représentations et conception. La part de l'invisible (Vol. Les dossiers du Latch). L/E de Lille.

[7] His, G. (2015). La matérialité comme récit : d'un récit culturel a la production d'une pensée. Bulletin des bibliothéques
de France (BBF), (4), 30-44.

[8] Ikévalko, O., Satola, I., & Hoivanen, R. (2016). Helsinki TU1206 COST Sub-Urban WG1 Report (22 p.).

[9] Kohn, B., & Vaysse, J. P. (2004). Stratégies du projet souterrain : charte architecturale du métro du Turin. In P. Von
Meiss & F. Radu (Ed.), Vingt mille lieux sous les terres : espaces publics souterrains (pp. 136-147). Presses
polytechniques et universitaires romandes.

[10] Krtolica, I. (2021). Le rhizome deleuzo-guattarien « Entre » philosophie, science, histoire et anthropologie. Rue
Descartes, 99, 39-51. https://doi.org/10.3917/rdes.099.0039

[11] Labbé, M. (2004). Offre et demande d’espace souterrain. In Vingt mille lieux sous les terres: espaces publics
souterrains. Lausanne : PPUR presses polytechnique, p.167

[12] Labbé, M. (2016). Architecture of underground spaces: From isolated innovations to connected urbanism. Tunnelling
and Underground Space Technology.

[13] Mangin, D. & Girodo, M. (2016). Mangroves urbaines : du métro & la ville (Paris, Montréal, Singapour), Paris : La
Découverte (collection Dominique Carré).

[14] Pradel, B. (2013). Processus de réversibilité et rythmes des transformations urbaines : penser la ville a pile ou face ?.
in Scherrer, F. & Vanier, M., Villes, territoires, réversibilité. Paris : Hermann, pp. 237-248

[15] Tafforin, C., Christian, C., & Roumian, J. (2023). Social Clock and Social Sun as Adaptive Strategies of Human
Behavior Without Time Cues and Sunlight in an Underground Environment. Journal of Humanities and Social
Sciences Studies, 5, 15-26.

[16] Tahmasebinia, F., Yu, K., Bao, J., Chammoun, G., Chang, E., Sepasgozar, S., & Alonso Marroquin, F. (2020).
Earthscraper: A Smart Solution for Developing Future Underground Cities. IntechOpen. doi:
10.5772/intechopen.87217

[17] Thibaud, J-P. (1996). Mouvement et perception des ambiances souterraines.

[18] Véahdaho, 1. (2011). Helsinki Experience with Master Planning for Use of Underground Space, Conference on
Planning and Development of Underground Space

[19] Véahdaho, I. (2018). Urban Underground Space - Sustainable Property Development in Helsinki. City of Helsinki,
Urban Environment Publications. ISBN 978-952-331-436-8

[20] Valentin, C. (2018). Les sols au ceeur de la zone critique (Série Les sols). ISTE editions.

[21] Von Meiss, P., & Radu, F. (2004). Vingt mille lieux sous les terres : espaces publics souterrains. Presses
polytechniques et universitaires romandes.

[22] Zunino, G. (2013). Pour une urbanité souterraine de qualité. Urbanités.

154


https://journals.openedition.org/rac/25340
https://journals.openedition.org/rac/25340
https://doi.org/10.3917/rdes.099.0039

19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH v
CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.
Paper No: 1.14.191

DOI: 10.46793/ACUUS2025.1.14.191

ADVANCING UNDERGROUND URBAN SPACE PLANNING: THE POTENTIAL OF
FORESIGHT METHODS IN SYSTEMIC PLANNING AND TRANSITION MANAGEMENT

Nemanja Sipeti¢! and Vladan Doki¢?

Abstract: Underground urban spaces (UUS) are becoming a crucial resource in modern cities due to the increasing limitations
of surface space, necessitating the application of specific foresight methods that integrate urban planning, infrastructural,
environmental, and technological factors. The historical development of UUS planning represents a dynamic process marked
by alternating periods of innovation and stagnation, with the past decade witnessing a slowdown in the development of new
approaches. This stagnation is reflected in the frequent repetition of existing guidelines, recommendations, and conclusions,
while institutional frameworks demonstrate a limited capacity to absorb new concepts. Within contemporary theoretical and
methodological frameworks, the systemic approach to urban underground spaces and Transition Management for UUS emerges
as potentially transformative factors in overcoming these challenges. These approaches define the frameworks for the
application of foresight methods, provide tools for improving the management process, and enable the inclusion of all relevant
stakeholders in decision-making processes, relying on a multidisciplinary and integrated approach. This raises the question:
Which foresight methods provide the most adequate results in the context of systemic approaches and Transition Management
in UUS planning? In the context of the increasing application of foresight methods in urban planning, this paper conducts a
comparative analysis of different foresight methods through theoretical comparisons of potential transformative factors to
determine which methods are most suitable for anticipating the future use of underground urban spaces, taking into account the
principles of the systemic approach and Transition Management. The study identifies methodological frameworks that can
contribute to the development of new UUS utilization models, capable of overcoming social barriers, fostering the integration
of all interested parties, and improving the strategic planning process. The aim of this research is to highlight the additional
potential of foresight methods in creating sustainable solutions and fostering innovative urban planning practices in the domain
ofunderground urban spaces. Furthermore, the study analyzes key challenges in the implementation of these methods, identifies
possible guidelines for selecting the most reliable foresight methods concerning specific urban planning challenges, and
proposes directions for future research and strategic development in this field. The research aims to enhance interdisciplinary
dialogue among urban planners, engineers, policymakers, and the wider public, ensuring a holistic, innovative, and sustainable
approach to underground urban space planning.

Keywords: Foresight Methods, Underground Urban Spaces, Systemic Approach, Transition Management

1. INTRODUCTION

In the context of rapid urbanization and limited surface space, underground urban spaces (UUS) are emerging
as a key resource for the sustainable development of future cities. Traditional planning approaches, focused
primarily on surface-level interventions, have proven insufficient to address complex challenges such as traffic
congestion, pollution, and land scarcity. UUS are increasingly taking on multifunctional roles; however, their
effective utilization is hindered by fragmented planning, sectoral isolation, and inadequate institutional
frameworks (Admiraal and Cornaro, 2016). Contemporary challenges call for integrated, three-dimensional
planning that synchronizes above-ground and underground functions, along with anticipatory methods such as
foresight approaches. This paper explores how foresight tools and methods can contribute to systemic planning
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and transition management in the development of UUS, offering strategic recommendations for urban planners,
policymakers, and researchers to foster more resilient and sustainable cities (Delmastro et al, 2016).

Planning underground urban spaces represents a complex socio-technical challenge requiring
interdisciplinarity, long-term strategic thinking, and adaptive governance approaches. To overcome fragmentation
and inefficiency in current practices, this study is grounded in three interrelated theoretical pillars: systems
planning, transition management, and foresight methodologies. Systems planning enables a holistic understanding
of UUS as adaptive systems whose components—ranging from geology and infrastructure to social and regulatory
factors—interact dynamically. Rather than pursuing isolated solutions, this approach emphasizes functional
integration and conflict anticipation through tools such as 3D GIS modeling and multidisciplinary analyses (v. d.
Tann et al.,2020; Bobylev, 2009).

Transition management offers a process-oriented framework for guiding long-term change through
participation, experimentation, and social learning, while foresight methods (such as scenario planning,
backcasting, Delphi, etc.) support anticipation of uncertain futures and the formulation of desirable development
pathways (Slaughter, 1993; Lambert et al., 2024). Together, these concepts enable the design of flexible and
inclusive strategies suited to the complexity of UUS, while reinforcing institutional coordination and stakeholder
engagement. By integrating these approaches, the paper proposes a theoretical framework for sustainable and
anticipatory governance of subsurface resources, aligned with global objectives for urban resilience and
sustainability.

2. METHODOLOGICAL VISION

The methodology of this research is based on an integrative theoretical framework that combines foresight
methods, transition management (TM), and systemic planning, with the aim of enhancing future-oriented planning
and governance of Urban Underground Spaces (UUS). Building upon existing literature (Slaughter, 1993; v. d.
Tann et al.,2020; Debrock and Coppens, 2023), the approach comprises three core process phases: (1) system
analysis and mapping, (2) visioning and scenario development using foresight tools, and (3) development and
implementation of transition strategies. A particular emphasis is placed on the social implications of these
processes, recognizing the importance of ethics, inclusivity, and participation, as the challenges of UUS planning
often lie less in technical limitations and more in the lack of social legitimacy and coordination among
stakeholders.

While technology is indispensable, the research acknowledges that its advancement often surpasses the capacity
of social and institutional systems to apply it responsibly (Admiraal and Cornaro, 2020). Therefore, special
attention is given to social foresight and collective responsibility, in line with the principles of critical futures
thinking [9], to encourage more just, sustainable, and long-term legitimate strategies for UUS. The proposed
methodological framework rests on participatory and iterative learning processes, enabling the integration of social
values across all phases of planning and implementation.

2.1. System Analysis and Mapping

This process entails a holistic understanding of the urban underground as a complex adaptive system, as defined
by von der Tann et al. (v. d. Tann et al.,2020). Key steps include:

e System element identification: Mapping geological, infrastructural, regulatory, and social components
of UUS, and defining functional, territorial, and institutional boundaries (v. d. Tann et al.,2020).

e Interdependency analysis: Applying systems thinking to explore interactions between underground
functions (e.g., metro systems, utility networks, groundwater) and their impacts on aboveground systems.

e Data collection: Using GIS tools and 3D geological models to integrate data on geology, infrastructure,
and property, enabling spatial and sectoral integration (Delmastro et al, 2016).

e Stakeholder involvement: Establishing interdisciplinary teams (engineers, urban planners, ecologists,
citizens) to identify priorities and potential conflicts, in accordance with Slaughter’s emphasis on
participation (Riedy, 2021).
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2.2. Visioning and Scenario Development through Foresight Methods

The application of foresight methods facilitates the anticipation of future needs and challenges by generating
multiple scenarios for UUS use. This process builds on Slaughter’s integrative approach (Slaughter, 1993; Riedy,

2021). and the concept of "futures empathy" (Lambert et al., 2024). The process includes, but is not limited to, the
following foresight methods:

e Scenario planning: Developing alternative futures (e.g., underground cities as transport hubs, green
zones, or shelters) based on key uncertainties such as climate change, demographic pressures, and
technological innovation (Sliuzas et. al., 2015).

e Backcasting: Defining desirable futures (e.g., sustainable, multifunctional UUS) and mapping backward
from these goals to identify steps for realization, considering legal and institutional constraints (Debrock
and Coppens, 2023).

e Delphi method: Structured expert and stakeholder consultation to build consensus on priorities and
strategies for UUS (Slaughter, 1993).

e Causal Layered Analysis (CLA): Exploring deeper layers of meaning, including social values,
worldviews, and myths shaping the perception of underground space, to promote ethical and inclusive

visions (Riedy, 2021).

e Future Design: A method that fosters "futures empathy" by having participants imagine themselves as
future generations, enhancing sensitivity to long-term societal and environmental needs (Lambert et al.,
2024).

e Fuzzy Cognitive Maps (FCM): Constructing graphical models that represent causal relationships
between key UUS factors (e.g., infrastructure, ecology, social acceptability), with fuzzy weights ranging

from -1 to 1, enabling scenario simulations and identification of leverage points under uncertainty (Jetter
and Kok, 2014).

2.3. Development and implementation of transition strategies

The integration of transition management (TM) principles and practices ensures that visions and scenarios are
translated into actionable strategies. Key elements include:

e Transition arena: Establishing a platform for collaboration among pioneers (e.g., innovators in
underground architecture), urban planners, regulators, and citizens to co-develop a shared vision and
strategy (Debrock and Coppens, 2023).

e Transition agenda: Setting long-term goals and intermediate milestones for the transformation of UUS,
including legal reforms, institutional coordination, and pilot projects (Vo8 et. al.,2009).

e Experimental niches: Launching pilot initiatives (e.g., smart underground hubs, green subterranean
zones) to test innovations and enable learning-by-doing (Debrock and Coppens, 2023).

e Monitoring and evaluation: Continuously tracking and adjusting strategies based on feedback, using
indicators of resilience, inclusivity, and sustainability (v. d. Tann et al.,2020).

Social participation: Empowering communities through workshops and public consultations, thereby promoting
collective responsibility, in line with Slaughter’s concept of social foresight (Riedy, 2021).

3. APPLICATIONS AND CONTRIBUTIONS OF FORESIGHT METHODS TO SYSTEMIC
PLANNING AND TRANSITION MANAGEMENT

This section, drawing on the social implications of Slaughter’s critical futures thinking, summarizes the key
foresight methods, their applications in systemic planning and transition management, and their contributions to
both methodologies in the context of Urban Underground Spaces (UUS). The presented tables are structured
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according to Slaughter’s layers of futures work (pragmatic, critical, epistemological), in order to highlight their
integrative potential.?

Table 1. Pragmatic Level

Application in

Application in

Social systemic planning Contribution to transition Contribution to
Method implications of Urban temic plannin management transition
(Slaughter) Underground systemic p g (Tgl\(j[) ¢ management
Spaces (UUS)
Scenario Enables the Developing Supports the
It promotes social development for . e diverse scenarios PP
S identification of key ... development of a
resilience by UUS (e.g., L for UUS within L
; uncertainties and e transition agenda by
exploring underground interactions b the transition . .
X interactions between bli identifying
. multiple futures, transport, green arena, enabling :
Scenario enablin zones, shelters) to underground and pioneers and alternative
planning . 18, Shefte surface systems, pathways and
communities to  anticipate climate ~ - stakeholders to ;
.~ supporting spatial and . . . strategies for the
prepare for and demographic : - identify strategic .
. sectoral integration transformation of
uncertainty challenges pathways S (Debrock and
(Riedy, 2021).  (Sliuzas et. al. (v. d. Tann et (Debrock and UUS (Debrock an
’ ’ al.,2020). Coppens, 2023).
2015). Coppens, 2023).
Fosters collective Structured
responsibility by . . engagement of  Facilitates the
. . Enh
incorporating Consultation with - En ?ce:- experts and formation of a
expert and experts and cOOTTINAION AMONE  takeholders transition arena.
societal citizens on UUS  stakeholders and hin th bli ’
Delphi . priorities (e.g.,  reduces sectoral within the enabimg -
perspectives, . .. transition arena  interdisciplinary
method : safety, ecology,  conflicts, contributing .
ensuring s . .~ to define shared collaboration and
accessibility) to process integration
consensus on (Debrock and (v.d. T ; goals and consensus on
priorities Coppens, 2023) ‘11.2(.)20ann ¢ strategies for shared goals (Vof
(Slaughter, ppens, ©oab )- UUS (VoB et. et. al.,2009).
1993). al.,2009).
i?:;:a;f:nc and Visualization of Use of GIS tools Provides a technical
accespsibili t;] of underground Supports data in pilot projects  foundation for
. . resources and . . .1 and experimental experimental
tegrat d spatial
GIS and g::brﬁ zglon, infrastructure to ;?ljfg;;slognzréh;ga " niches to test niches, enabling the
3D .. improve spatial . . £ innovations testing of
modeling COmm“‘.““eS. to and resource precise Mapping o under real-world innovations in real-
gain insight into interdependencies o >
the planning management (Bobylev, 200) UUS conditions world conditions
rocess (Sliuzas (Delmastro et al, yiev, : (Debrock and (Debrock and
Ie)t al., 2015) 2016). Coppens, 2023). Coppens, 2023).
Encourages Development of E . Enables reflexive
ourage nables the modeling Use of FCM
picpsionnd FOUmodioofcompis " wibin e Sovemaes bt
Fuzzy responsibilit releﬁionshi s interdependencies transition arena systemic effects and
Cognitive . " Y P and uncertainties,  to identify key = o i o
through co- between UUS . . . : identification of
?gacll)\fl) creation of factors (e.g., 1Sr111tr<)a I;(r);cﬁi Zﬁ;iﬁ;{c mgﬁjvtse::(;m strategic levers for
models, enabling infrastructure, p transition (Debrock

the integration of
subjective

costs, social
acceptability) and

anticipation (v. d.
Tann et al.,2020).

simulate policy
impacts on UUS

and Coppens,
2023).

3 Slaughter’s layers of futures work—pragmatic, critical, and epistemological—provide an integrative framework for exploring futures in
complex systems such as urban planning (Riedy, 2021). The pragmatic level focuses on practical, short-term aspects, using scenario analysis
and the Delphi method to address challenges such as UUS infrastructure planning. The critical level investigates underlying social and value
assumptions, employing Causal Layered Analysis (CLA) to deconstruct dominant narratives and promote equity in the use of UUS. The
epistemological level reflects on knowledge systems and worldviews, applying Future Design to develop long-term, ethically grounded
strategies that consider the interests of future generations. The integration of these levels balances practical and societal dimensions, enhancing
both the sustainability and fairness of UUS planning (Slaughter, 1993; Riedy, 2021).
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perspectives and simulate “what-if”

uncertainties
(Jetter and Kok,

2014).

scenarios (Jetter
and Kok, 2014).

(Jetter and Kok,
2014).

Table 2. Critical Level — Social Implications, Applications, and Contributions

Application in Application in
Social systemic planning o ppricaty Contribution to
R Contribution to transition oo
Method implications of Urban svstemic plannin management transition
(Slaughter) Underground y P g (TgM) management
Spaces (UUS)
Analysis of social ~ Enables the Use of CLA F
Reveals hidden narratives about reconsideration of 'Steiro h Other.S v i
values and power UUS (e.g., “the sectoral :Vl 1,?, © :e e),(tl,VI ym
Causal structures, underground as a  assumptions and ransition arena - transition
Layered promoting technical layer” vs. the promotion of to reassess | procgflzgses,h
Analysis ethical and “a multifunctional inclusive strategies, no(rimatllve goals  enabling t et ;
(CLA) inclusive visions resource”) to contributing to ??Usva lues mn reassei.smen 01
of the future reshape planning  conceptual planning - hormative goals
. . . (VoB et. and values (VoB
(Riedy, 2021).  approaches (Al-  integration (v. d. al..2009) et. al.2009)
shanty,2019). Tann et al.,2020). B ' T '
Encourages the Supports the Formulation of Provides a
creation of Defining visions for development of normative visions foundation for
desirable futures UUS that prioritize long-term goals within the the transition
based on equity  social justice and  that align social transition agenda -
. . . . agenda, guiding
Normative  and ecological and environmental to guide change
. L S . change toward
foresight sustainability, sustainability (e.g., priorities, toward desirable and
empowering underground public enhancing process sustainable UUS ethical outcomes
communities spaces) (Lambert et integration practices (Debrock and
(Slaughter, al., 2024). (Debrock and (Debrock and Coppens, 2023)
1993). Coppens, 2023).  Coppens, 2023). PPl '
Streingthens’ _ Increases the Engagmg . Empowers the
social cohesion  Organizing . communities o
. . legitimacy and s transition arena
and collective ~ workshops with . ... within the .
o . social acceptability . by enabling
.. responsibility by citizens and experts transition arena
Participatory . . ) of plans, broad
involving for UUS design, o to co-develop C
workshops. S . contributing to . participation and
communities in  with a focus on S shared visions ol learni
decision-making inclusivity (Sliuzas 1nst1tqt10qal and pilot projects soclal earning
coordination (Vof3 (Debrock and
processes et. al., 2015). et. al.2009) (Debrock and Coppens, 2023)
(Riedy, 2021). - 200 Coppens, 2023). ~°PPenS, '
Table 3. Epistemological Level — Social Implications, Applications, and Contributions
Application in TR
Social systemic planning . App llca.tl.on " Contribution to
C e Contribution to transition .
Method implications of Urban systemic plannin management transition
(Slaughter) Underground M P g (TgM) management
Spaces (UUS)
Promotes “futures Envisioning UUS Use of “futures  Supports the
' Encourages long- I
empathy, from the term thinkine and empathy” within development of
enabling an perspective of . ENC  the transition long-term visions
Future . . ethical responsibility, .
. understanding of future generations . arena to develop and experimental
Design enhancing both

the needs of
future generations develop
and fostering

(e.g., 2050) to

sustainable

conceptual and
process integration

visions that
consider the
interests of future

niches, focusing
on sustainability
and future
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long-term strategies (Lambert (v. d. Tann et generations generations
responsibility et al., 2024). al.,2020). (Lambert et al., (Debrock and
(Lambert et al., 2024). Coppens, 2023).
2024).

Applied within ~ Provides a
Enables thg Analysis of UUS Enables holistic the transition framework for
understanding of as part of a broader agenda to reflexive

: management of
complex social  urban system, understand the ~ governance,

interdependencies,

Systems and cultural taking into account o complexity of  enabling the

oo . . ) contributing to ¢

thinking dynamics, ecological, social, sectoral and spatial UUS and to adaptation of
supporting and technical guide change strategies within

integration (Bobylev,

holistic strategies interactions (v. d. through reflexive complex systems

(Riedy, 2021). Tann et al.,2020). 2009). processes (Vo3 (VoB et.
et. al.,2009). al.,2009).
Use of
Defining ideal backcasting to Enables a
Promotes social states for UUS define structured
responsibility by (e.g Supports the intermediate process for
focusing on mill.t’ifunctional devellolp ment of . steps within the achieving long-
desirable futures underground transition strategies transition agenda term goals by
Backcasting and the strategic cities) and and long-term plans, guiding pilot ’ Qeﬁning .
steps needed to  mapping the steps f:nhanmpg process projects toward 1ntermedlat§
achieve them for implementation integration (Vof§ et. sustainable steps and pilot
(Slaughter, 1993). (Debrock and al.,2009). outcomes pr(zljeccts (Debrock
Coppens, 2023). (Debrock and 31523)oppens,

Coppens, 2023).

Note: Some foresight methods, such as backcasting, systems thinking, and Fuzzy Cognitive Maps (FCM), can be
applied across multiple levels—pragmatic, critical, and epistemological. However, in the table, they are presented
under the level where they are most adaptable and effective, based on their relevance and efficiency in specific
UUS planning contexts.

4. EVALUATION AND ITERATIVE LEARNING

To ensure the reliability, credibility, and social relevance of strategies for Urban Underground Space (UUS)
planning, it is essential to carry out evaluation and enable iterative learning after the foresight process. This process
should integrate quantitative, qualitative, and ethical approaches, supported by advanced digital technologies (Zhu
et. al., 2016). The evaluation is based on the principles of a systemic framework, providing a structured and
transparent approach to assessing the validity, utility, and ethical grounding of proposed strategies (Piirainen, et.
al., 2012). Particular attention is given to participatory and ethical dimensions, in line with the tradition of critical
futures thinking advocated by Slaughter and further developed by (Riedy,2021).

Furthermore, bibliometric analyses (Ko and Yang, 2024) contribute to understanding broader trends and
identifying gaps in existing research, which further enhances the reflexive potential of the strategies. This type of
comprehensive evaluation framework not only increases the credibility and practical value of planning
interventions but also promotes social learning and adaptation to the complex challenges of Urban Underground
Spaces (UUS), thereby ensuring fairness and long-term sustainability. Evaluation is carried out as an iterative
process across three interrelated levels - functional (usefulness and implementation), technical (feasibility and
accuracy), and ethical (fairness and inclusivity) - employing combined methods and digital technologies to enable
precise and multidimensional analysis.
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Table 4. Elements of Evaluation and Iterative Learning for UUS.

Evaluation element Methods and tools

Application in the context of UUS  References

Measurement of metrics (e.g.,
reduction of CO- emissions,
accessibility of public spaces,

Assessment of the impact depth of
underground structures (e.g., metro

lines) and their ecological von der Tann

Quantitative reduction of geological risks). consequences. et al. (2020),
indicators Use of 3D GIS and digital layering.
Multi-level grey approgch and Quantitative analysis of geological Zhu et al.
fuzzy synthesis evaluation and urban planning data for the (2016)
methods. categorization of underground space
Software: SPSS, R, GIS tools. suitability (Level I-1V).
giurf:i:;gzzged Analysis (CLA) Analysis of social and cultural
’ narratives about UUS (e.g., “the
i ” Riedy (2023),
o Critical Systems Heuristics (CSH) Bndergrlound asa technical }’ayer vs. Riedy ( )
Qualitative . a multifunctional resource™).
by Werner Ulrich. . . . o
analyses CSH questionnaire for assessing Piirainen et al.

Interviews, workshops, focus

groups.

Tools: NVivo, evaluation matrices.

stakeholder inclusion (citizens, urban
planners, regulators) and ethical
implications.

(2012)

Data analysis (SPSS, R).

Silhouette coefficients for cluster

Measuring changes in participants Lambert et al.

Statistical methods validation. perceptions of “futures empathy. (2024),
:zglb;::lometrlc Latent Dirichlet Allocation (LDA) Identifying thematic gaps in UUS Ko and ¥
y for topic modeling. research (e.g., lack of social aspects 2%;2 ang
compared to technical ones). ( )
Tools: VOSviewer, Python
libraries for NLP.
VobB et al.
Continuous evaluation (a priori, (2009),

Iterative processes

during the process, and a

posteriori).

Expert reviews, feedback loops.
3D visualization and virtual reality.

Tools: Trello, Confluence,
simulation software.

Regular workshops and data analysis
to adapt UUS strategies. Piirainen et al.
(2012),

Simulation of different scenarios (e.g.,

underground transport hubs) to test ~ Zhu et al.
resilience and alignment with (2016),
objectives.
Ko and Yang
(2024)

Participatory
evaluation

Workshops, focus groups, surveys.

Evaluation matrices for goal

alignment.

Tools: Zoom, Microsoft Teams,
questionnaires (e.g., Likert scales).

Assessing participant satisfaction and

trust in UUS strategies. Piirainen et al.

o (2012),
Involving citizens and experts to

evaluate the usefulness and
inspirational value of outcomes (e.g.,
plans for underground public spaces).

Riedy (2021)

Ethical reflection

CSH questionnaire for assessing
motivation, power, knowledge, and

legitimacy.

Stakeholder discussions.

Tools: Miro, MURAL, Google
Docs for documentation.

Piirainen et al.
(2012),

Identifying power dynamics in UUS
planning.

Ensuring the inclusion of marginalized Lambert et al.

groups and the interests of future (2024),
generations through “futures
empathy.” Riedy (2021)
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5.  BRIEF DISCUSSION

The integration of foresight methods into Urban Underground Space (UUS) planning represents a transformative

approach that enhances systemic planning (v. d. Tann et al.,2020) and transition management (Vo8 et. al.,2009;
Debrock and Coppens, 2023), enabling the anticipation of future challenges, the engagement of diverse
stakeholders, and the development of sustainable strategies within complex urban systems. Unlike traditional
approaches, which are often reactive and linear (Shin, 2013; Wiranegara, 2017), foresight methods such as scenario
planning, backcasting, Delphi, and Causal Layered Analysis (CLA) (Slaughter, 1993; Inayatullah, 2011; Quista
and Vergragt, 2006) allow for the creation of alternative futures and the structuring of strategic thinking.

Their value lies in the ability to connect technical expertise with societal values, fostering inclusivity, ethical
responsibility, and long-term resilience (Lambert et al., 2024; Tonn, 2003). Foresight also contributes to enhancing
the social legitimacy of planning efforts through participatory processes (Renn, 2022; Pace, 2025), while flexible
methods such as backcasting and scenario planning enable the adaptation of strategies under conditions of
uncertainty (Sliuzas et. al., 2015; Oliveira et. al., 2018).

However, their application faces numerous challenges. Implementation complexity, resource demands, lack of
reliable data, and institutional fragmentation hinder the widespread adoption of foresight approaches (Mahmud,
2011; Admiraal and Cornaro, 2016; Wang et. al., 2013). Cognitive biases and actors’ limited temporal perspectives
further reduce anticipatory effectiveness (Faiella and G. E. Corazza, 2025; Lalot et. al., 2019), while institutional
and cultural barriers—such as short-term political focus and resistance to change—require systemic reforms and
increased awareness (Tonn, 2003; MacDonald, 2012; Zegras and L. Rayle, 2012).

Additionally, the lack of standardization within foresight practice complicates comparative evaluation and
institutionalization of methods (Roya et. al., 2016; Deng et. al., 2023), raising the question of whether a method
that inherently demands contextual flexibility can or should be standardized (Krawczyk and Slaughter, 2010).

In the context of systemic planning, foresight enables the integration of geological, infrastructural, ecological, and
social aspects into a unified planning framework (Bobylev, 2009; Vahdaho, 2016; Dufvaa and Ahlqvist, 2015). At
the same time, within the domain of transition management, foresight contributes to the formation of visions and
strategies through participatory and deliberative processes (Debrock and Coppens, 2023; Zhang and Li, 2018;
Rijkens—Klompa et. al.,2017).

Furthermore, metamodern and human-centered approaches (Fergnani and B. Cooper, 2023; Slaughter, 2002;
Daffara, 2011) introduce ethical and cultural dimensions into foresight methods, promoting the concept of a
“culture of anticipation” (Slaughter, 2002) and the integration of underground spaces into visions of collective
intelligence, solidarity, and sustainability. Models such as UPUS (Wang et. al., 2023) and Futures Consciousness
(Lalot et. al., 2019) further illuminate the psychological and perceptual aspects of planning, while also pointing to
the limitations of existing approaches in addressing cultural complexity and inclusivity.

In conclusion, foresight methods constitute a vital resource for UUS planning, but their effective application
depends on integration with systemic approaches, institutional support, and the development of methodological
frameworks that balance technical precision with social responsibility and cultural reflexivity.

6. CONCLUSION

Foresight methods represent a crucial potential for transforming the planning of Urban Underground Spaces
(UUS), particularly through their integration with systemic planning (v. d. Tann et al.,2020) and transition
management (Vo8 et. al.,2009; Debrock and Coppens, 2023). They enable the anticipation of long-term challenges,
the development of alternative visions, and the creation of flexible strategies within the context of complexity,
uncertainty, and the imperative for sustainability. Compared to traditional approaches, foresight methods achieve
greater anticipatory capacity, a higher degree of social inclusivity, and stronger orientation toward sustainability
(Slaughter, 1993; Lambert et.al., 2024).

Their strength lies in the combination of technical precision and social responsibility, as well as in fostering
participatory processes and collective learning. Through methods such as scenario planning, backcasting, CLA,
and the Delphi technique, foresight facilitates a deeper understanding of possible futures and the proactive shaping
of desirable development pathways. However, their implementation requires overcoming several challenges,
including data scarcity, institutional barriers, cognitive biases, and the lack of methodological standardization
(Mahmud, 2011; Faiella and Corazza, 2025; Krawczyk and Slaughter, 2010).

To enhance the practical applicability of foresight methods, their operationalization through locally adapted
protocols and guidelines is essential, supported by digital tools such as 3D GIS, AHP-cloud models, and simulation
platforms (Deng et. al., 2023). In addition, strong institutional support is needed to integrate foresight approaches
into legal, planning, and strategic documents (Admiraal and Cornaro, 2016), along with the development of
appropriate indicators for monitoring the resilience and sustainability of UUS (Roya et. al, 2015; Ko and Yang).

162



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

In conclusion, integrating foresight methods into UUS planning should not be viewed as an option but as an
imperative for building more resilient, inclusive, and sustainable cities of the future. Their application must be
supported through interdisciplinary collaboration, institutional reform, and broad stakeholder education to ensure
that urban planning can adequately respond to 21st-century challenges in alignment with the Sustainable
Development Goals (SDGs).
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INTEGRATED URBAN REGENERATION OF SUBWAY STATIONS AND URBAN
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Abstract: Tokyo is one of the world’s leading subway cities in the world, with approximately 10 million people using the
subway each day. New York City has about 5 million subway passengers per day. In central Tokyo, automobiles account for
less than 10% of transportation sharing in the city center, while subways and other railroads account for more than 50%. These
are the results of urban development linked to public transport (Transit Oriented Development: TOD), which is one of the
sustainable urban models.

This paper addresses the significance the case of Toranomon Hills Station and Toranomon Hills Station Tower in Toranomon,
Minato-ku, Tokyo, where embassies and offices are concentrated, where transportation operators and urban developers have
worked together to integrate subway station construction and urban development.

Subway stations are built underground in the road, and therefore have many spatial constraints. In addition, urban developers
and transportation operators are often separate, and project periods do not coincide, making it very difficult to promote urban
development in conjunction with transportation infrastructure. In the Toranomon Hills Station project, the transportation
operator and urban developer worked together from planning to disaster prevention to solve these problems, and were able to
develop a transportation node that will become a landmark in Toranomon, including a large, atrium station plaza from the
second basement floor to the first floor that incorporates natural light.

Keywords: Tokyo, subway, urban development, TOD, Toranomon Hills

1. INTRODUCTION

Tokyo is one of the world's leading subway cities, with approximately 10 million people using the subway
every day (2018). This number is far greater than New York's 5.6 million people (2014) and Paris' 4.2 million
people (2011). In central Tokyo, rail transportation’s share is very high at 50%, and in recent years, the importance
of subway stations has further increased, with an increase in the number of direct trains. In addition, the Ministry
of Land, Infrastructure, Transport and Tourism and the Tokyo Metropolitan Government have set policies such as
TOD (Transit Oriented Development) and station-city integration, making urban development linked to
transportation infrastructure such as stations and bus terminals increasingly important. However, urban developers
and transportation operators are often separate entities, and their development periods do not necessarily coincide,
so there are many challenges to promoting urban development linked to transportation infrastructure.

Due to the nature of subways, subway stations are often necessarily developed in road areas, and due to the
difficulty of acquiring additional land, there are very few examples of subway stations in central Tokyo having
station plazas in front of them.

In this paper, the Toranomon Hills Station and Toranomon Hills Station Tower Urban Redevelopment Project

made the most of the opportunity to proceed with the construction of a new station and the redevelopment project
at the same time. From the project planning stage, multiple stakeholders, including not only urban developers and
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railway operators but also academics and government officials, sought station-city integration and held detailed
discussions, ultimately finding a solution that allowed the creation of a plaza space that goes beyond the connection
between the station and the city, and is in a real sense, one with the station.

In this paper, written with the cooperation of the Urban Renaissance Agency (hereinafter "UR"), the project
owner of the new station, and Tokyo Metro Co., Ltd. (hereinafter "Tokyo Metro"), which is responsible for the
design, construction, and management of the new station, the author, from the perspective of the coordinator of
this redevelopment project, introduces the overall process by which a railway project and an urban development
project were linked to create an integrated space between the subway station and the city, with the hope that the
paper will be useful for future urban development projects linked to transportation infrastructure.

2. TORANOMON HILLS INTEGRATED WITH TRANSPORTATION INFRASTRUCTURE

Toranomon was designated as an urban regeneration emergency development area under the Urban Renewal
Special Measures Act of 2002 and became a specific urban regeneration emergency development area in 2012. Its
development plan stipulates the basic policies of developing an international business and exchange hub with a
living environment and strengthening transportation hub functions.

In the Toranomon Hills area (Figures 1 and 2), urban infrastructure development and urban development have
been advanced in a step-by-step and integrated manner through several different redevelopment projects, including
Loop Road No. 2, Toranomon Hills Station, and a multi-layered pedestrian network at ground, underground, and
elevated deck levels.

Mori Tower, completed in 2014, utilizes the multi-level road system that allows buildings to be built above
roads to develop both Loop Road No. 2 and the super-high-rise tower in an integrated manner. With the full
opening of Loop Road No. 2 in December 2022, access to central Tokyo, the waterfront, and Haneda Airport has
been dramatically improved. Business Tower, completed in 2020, has a bus terminal of approximately 1,000 m2
for the airport limousine bus and the Tokyo BRT, which connects the city center and the waterfront via Loop Road
No. 2, as well as an underground passage connecting the bus terminal to both Toranomon Station on the Ginza
Line and Toranomon Hills Station on the Hibiya Line. In addition to creating the open subway station plaza
described in this paper, Station Tower, completed in July 2023, features a large-scale 20 m wide pedestrian deck
(T-deck) above Sakurada-dori Ave. that connects to the surrounding blocks.

In addition, the reconstruction of Toranomon Hospital and Hotel Okura in the vicinity of Toranomon Hills,
and various urban functions and transportation infrastructure such as subway stations and bus terminals are
connected by underground passages, pedestrian decks, and lush walkways, and there is a clear focus on urban
regeneration centered on public transportation.
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Figure 1. Location map
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Figure 2. Panoramic view of Toranomon Hills

3. PROJECT IMPLEMENTATION STRUCTURE

This project was made possible through close cooperation between two different business entities: the
construction of Toranomon Hills Station (hereafter “the new station™) and Toranomon Hills Station Tower Urban
Redevelopment Project (hereafter "the redevelopment project™).

UR was the project owner for the new station, with Tokyo Metro responsible for design, construction and
operation and management of the new station after opening, and a joint venture between Kajima Corporation and
Obayashi Corporation in charge of construction.

The construction of Toranomon Hills Station Tower, including the underground station plaza, was carried out
as a redevelopment project by the Toranomon 1-2-chome District Urban Redevelopment Association (hereafter
"the redevelopment association™), which is composed of approximately 30 landowners including Mori Building
Co., Ltd(hereinafter “Company M”), who acted as a participating member, designated builder, secretariat manager,
coordinator, and design and construction supervision, while Kajima Corporation was responsible for construction.
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4. TORANOMON HILLS STATION TOWER URBAN REDEVELOPMENT PROJECT

This redevelopment project was carried out by approximately 30 landowners, including Company M, and
involved the construction of Toranomon Hills Station Tower, Edomizaka Terrace, and Glass Rock (hereinafter
referred to as "redeveloped buildings™), as well as public facilities such as Minato Ward parks, roads, and
pedestrian decks.

Figure 3. Panoramic view of Toranomon Hills Station Tower

In 2014, a study group was started by landowners, including Company M. At the same time, the urban planning
for the new station was decided, and discussions were held from the beginning with the aim of creating a
development integrated with the new station. A preparatory association was established in February 2016, and
construction of the new station began at the same time. With the possibility of creating a more convenient and rich
space increasing, discussions and considerations in the preparatory association also accelerated with the aim of
creating a development integrated with the new station. A development planning proposal was formulated based
on the following: 1) Development of a subway station plaza that would contribute to strengthening the transport
hub function; 2) Development of a wide pedestrian deck on Sakurada-dori Ave. (National Route 1) that would be
the key to forming a pedestrian network connecting Shimbashi and Akasaka; and 3) Development of the Akasaka-
Toranomon Greenway on the southern side of the district along Ward Road 1014 in conjunction with the
surrounding redevelopment. The development plan was approved in March 2018, the redevelopment association
was established in November 2018, the rights conversion plan was approved in March 2019, and new construction
began in November of the same year. Toranomon Hills Station Tower (Block A-1) and Toranomon Hills
Edomizaka Terrace (Block A-3) were completed in July 2023. Glass Rock (Block A-2) and Minato Ward Park
(Block A-4) were completed in August 2024. Although there were various difficulties in carrying out the new
station construction and redevelopment project in this area as a whole, thanks to the focused efforts of the
association members to promote the local development and the cooperation of all concerned parties, construction
was completed in the exceptionally short period of about 10 years since the study sessions began and about 7 and
a half years since the preparatory association was established.

5.  TORANOMON HILLS STATION DEVELOPMENT
5.1. Committee Recommendations

Since 2000, with the enactment of the Urban Renewal Special Measures Act (2002), large-scale redevelopment
buildings have been built one after another in central Tokyo, and congestion inside some train stations has become
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a major problem. On the other hand, it has been pointed out that there may be areas in central Tokyo that are unable
to realize their potential growth potential due to poor access to train stations. Therefore, in 2010, UR commissioned
the Japan Transport Policy Research Institute to conduct a survey, and the Research Committee on Public
Transportation Service Levels for Promoting Urban Renewal in Central Tokyo (hereinafter referred to as the
"Committee™) was formed, consisting of academics with knowledge of urban and railway development, railway
operators, related local governments, related organizations, and the Ministry of Land, Infrastructure, Transport and
Tourism, and conducted the survey.

The Committee conducted the following activities: 1) Survey of urban development trends and actual use of
public transportation, 2) Evaluation of public transportation and identification of key issues, 3) Consideration of
improvement measures and case studies, and 4) Consideration of systems for strengthening cooperation between
urban development and railway development.

During the study, it was found that there are urban railway inconvenient areas (such as around Harumi and
along Loop Road No. 2 around Shimbashi and Toranomon) in specific urban regeneration emergency development
areas with poor access to the nearest station and main terminals. It was found that it is important to improve railway
station congestion and inconvenient areas in urban areas where the railway share is high in central Tokyo, and that
it is important to consider improving railway services in parallel with the promotion of urban regeneration.

Regarding financial resources, it was found that since the effects of railway facility development spread widely
among many parties, it is necessary to consider the beneficiary burden, which requires a proportionate burden for
the benefits enjoyed, taking into account the ability to bear (ability-based burden). It was found that it is desirable
for the national and local governments to continue supporting urban development and railway development in the
future, since railway development increases the attractiveness of cities and absorbs development profits in the form
of increased tax revenues such as property taxes, and therefore they are one of the beneficiaries and are in a position
to be responsible for city development.

As a result of this study, it was determined that the area around Toranomon faced issues related to both
congestion within stations and the distance from train stations (an urban area that is inconvenient for railways),
and it was recommended that effective improvement measures include constructing new entrances and exits at
existing stations, establishing a new Hibiya Line station, developing underground passageways, and developing
new access services such as LRT/BRT.

5.2.  Positioning in administrative plans

In March 2014, the Tokyo Governor announced the proposal for the National Strategic Special Zone, proposing
strengthening Toranomon's transport hub function and indicated the policy of developing a new Hibiya Line station
and bus terminal, improving Toranomon Station on the Ginza Line, developing a pedestrian network connecting
them, and promoting the development of the surrounding area in an integrated manner. In October of the same
year, the Development Plan for the Tokyo Metropolitan Center and Waterfront Area (Loop Road No. 2
Shimbashi/Toranomon District) was formulated as a specific urban regeneration urgent development area, and UR
was positioned as the developer of 14 urban development projects necessary to improve the city's international
competitiveness, public facilities such as development of a new station, improvement of Toranomon Station and
Kamiyacho Station, and development of underground passages to strengthen transport hubs, and the new station.
In the Tokyo Metropolitan Long-Term Vision announced in December of the same year, the target year for the
development of new stations, bus terminals, and underground passages was set as 2020.

After that, the area was designated as a National Strategic Special Zone by the Prime Minister in June 2015,
construction began in February 2016, the name of the station was decided as Toranomon Hills Station in December
2018, and it opened in June 2020. In July 2023, it was connected to the adjacent redeveloped building, creating an
integrated station-town space. In this paper, the state in July 2023 will be referred to as the official opening of the
new station.
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6. SPACE DEVELOPMENT OF STATION AND THE DEVELOPMENT
6.1. Development classification, property classification, and maintenance classification

The development classification of this project is as shown in Figures 4 . The new station was developed within
the road area of National Route 1 after widening it as part of this redevelopment project, and the redevelopment
project implementation area were developed by this redevelopment project. The property classification and
maintenance classification are also the same.

National Route 1

Platform ¥
O TR T L B .

Ticket Gate

Underground Station Plaza Underground Station Plaza

< Urban Redevelopment Project < TokyoMetro ——<— Urban Redevelopment Project

Figure 4. Cross-section of the new station and subway station plaza (construction division, property division,
maintenance division)

6.2. Process toward realization

UR, promoted the new station development, Tokyo Metro, the redevelopment association, and M Company,
promoted urban development, conducted study sessions and coordination meetings from the project concept stage
to planning, design, construction, and management, respectively, and promoted this project by linking the intention
of the planning stage to design, construction, and management.

6.2.1. Planning and design stage

In order to make the most of the opportunity to simultaneously proceed with the new station construction and
redevelopment projects on both sides, and to coordinate urban development and railway construction as one of the
committee's recommendations, we held a series of study sessions with academic experts to realize a project that
integrated subway stations and urban development, and which could not be realized with subway construction
alone.

In addition to the participants mentioned above, administrative officials and consultants with specialized
knowledge also participated in this study session, and lively discussions were held on multiple fronts, such as
understanding each other's projects, including not only the construction plan but also the methods and systems for
railway and urban development projects. It was because of the discussions at that time that we were able to proceed
with this project with the same feeling, even in the midst of various difficulties, to make it an unprecedented project
that integrated the station and the town.

During the study session, it was recognized that while subway stations are becoming increasingly important,
due to their nature as underground stations and the conditions of occupying road areas, there are several issues: 1)
it is difficult to know where the station is; 2) it is difficult to develop barrier-free facilities such as station plazas
and elevators; and 3) it is difficult to understand the flow of people. Therefore, in order to solve these issues, the
new station is not only be located within the road area but was developed in an integrated manner with the
redevelopment projects being carried out on both sides of the road area. In both the new station and this
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redevelopment project, the basic concept for the low-rise areas was set as creating a space that will be the face of
the development, connecting the station and the development in an easy-to-understand way without relying on
signs, etc., and connecting the development on a broad scale, and the design of the station and redevelopment
buildings was thus advanced.

From the perspective of business feasibility, this redevelopment project sought to develop floors that generate
as much revenue as possible, but based on the discussions at the study group, an underground station plaza that is
integrated with the station was developed on the site of this redevelopment adjacent to the station (Figure 5), with
a three-story atrium from the ticket gate floor on the second basement floor to the first floor above ground, allowing
natural light to pour into the underground space, and escalators and elevators were installed. This allows for
intuitive movement from underground to above ground.

At the platform level on the first basement floor, the platform wall is made of glass screens (Figures 6 and 7),
visually connecting the platform and the station plaza, allowing rail users and people moving throughout the
development to feel each other's presence.

Figure 5. Underground Station Plaza

Figure 6. Station concourse (second basement floor) and platform (first basement floor) as seen from the underground
station plaza

Stores have been placed around the underground station plaza to better integrate the station with the
development. Normally, this space serves as a symbolic plaza that connects the station and the development, but
in emergencies it also serves as a temporary shelter (for approximately 340 people) for people unable to return
home in an emergency who gather at the station. This underground station plaza has been designated a major
public facility in urban planning (district planning that defines redevelopment promotion zones), and will be
maintained as a highly public space into the future.
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Figure 7. View of the underground station plaza from the platform

6.2.2. Construction stage

The construction of the new station and this redevelopment project were carried out at the same time while
National Route 1 and the Hibiya Line were in service, and the construction site area was limited, so the schedule
and construction site area adjustments were posed some problems.

The construction of the new station was set to begin service before the 2020 Tokyo Olympics under the
extremely difficult construction conditions of widening and excavating both sides and the underside of the Hibiya
Line structure (Figure 8) while National Route 1 and the Hibiya Subway Line were in service. The new station
was planned to open in 2023 when the redevelopment buildings were completed, but when it began service in
2020, it was decided to strictly adhere to the June 2020 start of service date by providing the minimum necessary
facilities for the station and establishing an entrance and exit for materials and waste soil within the redevelopment
project site, as well as an entrance and exit for the start of service in June 2020 (hereinafter the "provisional
entrance and exit") . The temporary entrance was relocated in accordance with the progress of the construction of
the redeveloped building and was removed when the new station opened in July 2023. After that, the redeveloped
building and the ward park were developed as part of this redevelopment project.
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Figure 8. New station construction steps

The scope of the redevelopment work and the new station construction overlapped, such as the construction of
a 20m-wide deck above National Route 1 during the construction of the new station, and the construction period

172



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

was limited. Therefore, the Tokyo Metropolitan Government Bureau of Urban Development acted as the
secretariat, and a regular liaison and coordination meeting was established as a place for information sharing and
cooperation between related parties such as road managers, traffic managers, buried construction companies, UR,
Tokyo Metro, and the redevelopment association. This liaison and coordination meeting was very helpful in
smoothly coordnating the project.

In addition to the liaison and coordination meeting, coordination meetings between the businesses and
construction companies and monthly meetings were held to closely coordinate the two projects. In particular,
establishing loading/unloading entrances and temporary entrances within the redevelopment project site had a
significant impact on the redevelopment work, and in this way, the schedule was carefully coordinated.
Additionally, for construction at the borders of construction zones, an agreement was signed between the projects
and the use of retaining walls and temporary structures was shared to reduce costs and construction time.
Nevertheless, many unforeseen situations occurred, and adjustments were made between the businesses on each
occasion. Road restoration work on National Route 1 is still ongoing.

6.2.3. Maintenance and operation

This redevelopment project and the new station are classified as assets and under maintenance management as
shown in Figure 7. For the redevelopment buildings, including the part designated as a redevelopment project in
the property and maintenance classifications, a management association was formed by the landowners, and a
manager based on Article 25 of the Condominium Act (hereinafter the "Article 25 Manager"). Company M was
selected as the Article 25 Manager. The Article 25 Manager's duties include not only building management, but
also town management, branding the redeveloped buildings, creating a lively atmosphere, and area management
in cooperation with surrounding buildings. The subway station plaza is a common area of the redeveloped
buildings and is managed and operated by the Article 25 Manager, who holds concerts (Figure 9) and events linked
to the information center (TOKYO NODE) at the top of Station Tower (Figure 10). Income from the event is used
to cover the operating costs of the event, as well as part of the town management costs of the Article 25
Administrator.

Figure 9. Event at the subway station plaza @
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Figure 10. Event at the subway station plaza @

The new station will be the first for Tokyo Metro to not have a dedicated passenger entrance/exit for Tokyo
Metro but will instead pass through the underground station plaza that will be developed as part of this
redevelopment project, with the entrance to the redeveloped building serving as the subway entrance/exit. The
passenger flow from the new station within the redeveloped building to ground level is entirely common to the
redeveloped building, and no sectional surface rights have been established for Tokyo Metro. A management
agreement has been concluded between Tokyo Metro and the redevelopment building management association,
satisfying the requirements of both parties. Furthermore, the necessary evacuation routes (also used for subway
work) have been developed within the redeveloped building and are for the exclusive use of Tokyo Metro.

6.2.4. Disaster prevention plan

The redeveloped building and the new station were treated as a single fire prevention object (hereinafter "this
fire prevention object"), because it would have been difficult to create a space that integrated the subway station
and the development by dividing each facility into sections according to Article 8 of the Fire Service Act
Enforcement Order, and using buffer zones, etc.

The Fire Service Act does not allow multiple managers for a single fire prevention object, so either the building
manager or the station manager must be responsible for overall management. However, in this project, the
redeveloped building and the new station, which have different management and operation formats, are able to
cooperate with each other while separately installing, maintaining, managing, and operating firefighting equipment.
An advanced fire and disaster prevention system, including the integrated control panel described below, was built
based on the special firefighting equipment, etc. stipulated in Article 17, Paragraph 3 of the Fire Service Act, and
has been certified by the Minister of Internal Affairs and Communications.

In addition to organizing a self-defense fire brigade for each of the redeveloped buildings and the new station,
the redeveloped buildings and the new station created an overall fire prevention plan, appointed a general fire and
disaster prevention manager, and work together to manage daily fire prevention, maintain firefighting equipment,
and hold regular meetings. In addition, there are plans to conduct comprehensive fire drills so that initial
firefighting activities and evacuation guidance can be carried out quickly and accurately in the event of a fire. The
underground station square will also serve as a temporary shelter for approximately 340 people who are unable to
return home in the event of a disaster.

7. IN CONCLUSION

A station-development integration project cannot proceed without the cooperation of many stakeholders,
including the high technical skills and coordination abilities of urban development companies, railway operators,
designers and constructors, as well as the government, buried utility companies for communications, electricity
and water, and local residents. Coordination between the station and the development was complicated from the
planning and design stages, but at the construction stage, the process and costs become intertwined, making the
coordination even more complicated. | once again felt that while systems such as conferences are important for
carefully unraveling these issues one by one, the human relationships and trust between the stakeholders played a
major role. | believe that an unprecedented space was realized by the strong desire of the stakeholders to realize
an unprecedented project that integrates the station and the development, by understanding each other's
circumstances and cultures of the railway business and the urban development business, and by considering the
optimal solution for station-development integration.

It is extremely difficult to proceed with the development and renewal of transportation infrastructure on its
own, due to factors such as the surrounding environment and the difficulty of acquiring land. | feel that in the
future, it will be important to advance urban development and the development of transportation infrastructure in
an integrated manner in order to advance the renewal of urban functions in the region. Furthermore, | believe that
the role of redevelopment coordinator will be expected to go beyond the redevelopment area and coordinate the
entire region, including transportation infrastructure, more than ever before.

This project was made possible thanks to the guidance and cooperation of many people involved, including
local residents. | would like to express my sincere respect and gratitude here to all involved.
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EXPLORATION OF URBAN DESIGN CONCEPTS FOR UNDERGROUND PUBLIC
SPACES IN RENEWAL AREAS

—— A CASE STUDY OF BEIJING’ S UNDERGROUND SPACE CONSTRUCTION

Meng Lingjun?, Zhao Yiting?, Guo jing?, Wu Kejie!

Abstract: Beijing has entered an era of stock planning, facing dual demands: tight spatial resource constraints and high-quality
development needs. As a vital "fourth national land resource," the development of underground space is key to urban expansion,
functional optimization, and quality enhancement. With growing public demand for better underground public space
environments and experiences, exploring systematic and human-centered urban design approaches is crucial. This paper
clarifies the practical needs, core challenges, and fundamental principles for designing underground public spaces in urban
renewal areas, establishing a theoretical foundation. Building upon urban design theory within the urban renewal context, it
focuses on balancing historical preservation, community needs, and underground development. The study develops an
integrated design framework addressing both spatial structure and micro-place construction.Using Beijing as a case study, the
paper analyzes practical experiences and challenges in underground development during urban RENEWAL. It validates and
refines the proposed design approach through case studies, extracting transferable insight.

Keywords: Urban renewal; Underground public space; Urban design; Spatial quality; High-quality development; People-
oriented

1. INTRODUCTION

Urban development in Beijing, China has entered a stage of urban RENEWAL, shifting from large-scale
expansion to optimizing existing stock and enhancing quality. Under these constraints, cities face the challenge of
achieving high-quality development within limited spatial resources. As the "fourth national spatial resource"
beyond terrestrial, aquatic, and aerial spaces, underground space demonstrates growing strategic value in this
renewal aera. Significant progress has been made in utilizing underground space to alleviate urban traffic, enhance
comprehensive carrying capacity, and improve urban resilience, establishing systematic research foundations and
practical outcomes. Future development will transition from infrastructure support to accommodating daily human
needs. However, a systematic urban design methodology for improving underground space quality remains
underdeveloped—particularly regarding how refined design approaches can effectively enhance overall quality
and comprehensive value of underground public spaces amid complex renewal constraints. This represents a
critical gap requiring urgent resolution.

Therefore, in-depth exploration of underground space development within the urban RENEWAL context—
particularly the planning and design of underground public spaces—holds significant practical and strategic
significance. This study aims to establish a scientific and systematic urban design framework for underground
public spaces. It seeks to offer both theoretical foundations and practical guidelines for Enhancing environmental
quality of underground spaces. optimizing functional organization and strengthening spatial attractiveness.
Ultimately, this approach advances sustainable urban development and meets the growing public demand for high-
quality living environments.

! Beijing Municipal Institute of City Planning & Design, China
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2. CHARACTERISTICS OF UNDERGROUND PUBLIC SPACES AND DEVELOPMENT NEEDS IN
URBAN RENEWAL AREAS

2.1.  Characteristics of Underground Public Spaces

The unique physical environment and functional requirements of underground public spaces present distinct
challenges for urban design: First, regarding physical and environmental attributes: The notable absence of natural
light and ventilation frequently results in dim lighting and poor air quality, adversely affecting occupants’
physical and psychological well-being®l. Second, the lack of spatial references and natural orientation cues
complicates navigation. As extensions of above-ground functions, underground spaces demand tight coordination
with surface-level elements—including access points, transportation links, and complementary commercial
activities—to ensure functional integration. Third, confined environments often induce psychological discomfort,
manifesting as sensations of confinement and oppression. Fourth, implementation is strictly constrained by
geological factors (e.g., geological formations, groundwater levels, soil properties), significantly complicating
design processes and introducing uncertaintiest?.

2.2.  Core Challenges in Underground Space Development Under Urban RENEWAL

Underground space development within urban renewal contexts faces multiple core challenges: First,
significant difficulties exist in coordinating with existing built environments. In historic urban areas, issues like
building foundation stability, intricate subsurface utility networks, heritage conservation requirements, and
fragmented property rights—compounded by historically fragmented development patterns—have resulted in
scattered, isolated underground spaces lacking integrated network planning. This undermines systemic efficiency
and connectivity benefits. Concurrently, substantial barriers impede aboveground-underground integration.
Development fragmented by property boundaries creates functional conflicts, compromised pedestrian flows, and
disjointed landscapes, hindering synergistic spatial development. Furthermore, the sequential "aboveground-first,
underground-later" approach exacerbates planning delays and uncertainties, necessitating refined coordination
mechanisms and advance provisioning strategies. Lastly, the multi-ownership, mixed-use nature of complex
underground spaces substantially increases operational complexity in maintenance, safety management, and
emergency response.

Addressing these challenges constitutes a critical pathway toward high-quality underground space
development and sustainable urban renewal—urgently requiring in-depth exploration by academia and industry.

2.3.  Practical Demands for Underground Public Space Development Driven by Urban RENEWAL

As cities transition into urban renewal phases, the strategic value of underground public spaces intensifies,

positioning them as critical pathways to meet multifaceted urban development needs:

e Enhancing Public Space Quality and Vitality. Urban renewal prioritizes human-centered
environments. Underground public spaces—as integral components of urban spatial systems—require
thoughtful design to create pleasant, safe, and attractive social venues. Integrating cultural,
recreational, and experiential functions can revitalize historic districts.

e Augmenting Urban Functions and Infilling Gaps. Historic urban areas often suffer from inadequate
and unevenly distributed public services, municipal infrastructure (e.g., parking, utility tunnels,
substations), and civil defense facilities. Underground spaces effectively address these gaps through
functional diversification, strengthening public service capabilitiestl.

e Optimizing Transportation and Pedestrian Networks. Integrated with transit systems, continuous,
accessible, and comfortable underground pedestrian networks improve mobility experiences, connect key
nodes, and enable pedestrian-vehicle separation.

e Preserving Cultural Heritage and Identity. Through measured and context-sensitive interventions,
underground spaces can address community needs while accommodating museums or galleries that
activate cultural heritage, fostering regionally distinctive underground environments.

e Advancing Urban Resilience and Sustainability. Eco-design and low-impact development models
promote sustainable underground space utilization, directly contributing to urban resilience goals.
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3. URBAN DESIGN FRAMEWORK FOR UNDERGROUND PUBLIC SPACES IN RENEWAL
AREAS

3.1. Theoretical Foundations

Urban design is a discipline examining the interplay between physical urban forms and human
activities/perceptions—provides fundamental theoretical underpinnings for underground public space design.
Kevin Lynch’s Image of the City emphasizes five key elements (paths, edges, districts, nodes, landmarks) crucial
for spatial cognitiont. Jan Gehl advocates human-centered approaches, prioritizing behavioral needs and public
life while stressing how the quality of streets, squares, and other public spaces determines urban vitality™. Gordon
Cullen’s Townscape theory reveals methods for crafting engaging urban experiences through spatial sequencing
and placemaking. Collectively, these theories highlight the dynamic relationship between activity, space, and
perception, underscoring the imperative to create meaningful places that foster social interaction. This is
particularly critical in underground environments lacking spatial references, where clear spatial organization and
distinctive nodal design are essential for establishing user orientation and spatial comprehension.

3.2.  Design Objectives

The urban design of underground public spaces in stock renewal areas fundamentally prioritizes human
activities, experiences, and perceptions—transcending traditional engineering-centric mindsets to achieve human-
centered multi-scale integration and systematic development. This approach aims to create multifunctional,
interconnected, pleasant, vibrant, and sustainably resilient underground public space systems that organically
extend and complement above-ground urban life. Focusing on internal structural organization, functional layouts,
and pedestrian circulation systems within underground networks, this study establishes a spatial framework
through nodal design and network design to advance urban design theory for underground environments.

3.3.  Structural Dimension: Organizational Framework and Circulation System Design

3.3.1. Shallow Underground Spaces

In renewal areas, fragmented development of underground spaces has resulted in isolated "underground pods."
Priority should be given to establishing integrated shallow underground pedestrian networks through optimizing
hierarchical connectivity, enhancing wayfinding systems, and improving spatial sequencing, rhythm, and legibility.

A multi-tiered pedestrian network must be structured according to pedestrian flow volumes and destination
significance, comprising primary pathways (connecting major nodes and zones), secondary pathways (linking
minor nodes or plots), and connector pathways (accessing individual buildings or facilities). Path alignment should
align with natural movement patterns, key functional distributions, and nodal attractions to effectively guide
pedestrian flow while avoiding excessively long, monotonous, or disorienting corridors.

Spatial experience should be enhanced through deliberate variations in passage width, clear height, and spatial
transitions (e.g., from confined passages to open atria), coupled with sequential organization of flooring materials,
wall finishes, ceiling configurations, lighting schemes, and color applications. This approach creates rhythmic,
engaging, and intuitively navigable spatial sequences that reinforce environmental legibility.

Implementation requires incentive policies and technical guidelines promoting underground interconnectivity
between adjacent plots and new/renovated developments. Specific measures include mandating interface locations,
standardizing cross-section dimensions, and specifying elevation requirements to integrate fragmented point-based
and linear spaces into cohesive networks.

3.3.2.  Integrated Design of Underground Spatial Nodes

Key nodal integration requires coordinated design across three typologies: transportation hubs, commercial
centers, and cultural venues.

At transportation hubs (subway stations, bus terminals), traditional corridor-style transfers should be
transformed into living-room-style or street-style interchange spaces to eliminate monotonous underground
walking experiences. This facilitates seamless transfers between transportation modes while establishing direct
underground connections between hubs and adjacent commercial, office, and residential areas, enabling gradual
transitions from public to private realms.

For commercial centers, underground spaces should extend and complement above-ground retail through
compelling commercial atmospheres, featured atriums or sunken plazas, and diverse commercial formats that
attract pedestrian flow and enhance commercial vitality.

Cultural and sports facilities should incorporate semi-underground designs, incorporating sunken plazas,
lightwell atriums, and underground squares at strategic nodes. These open/semi-open public spaces not only
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improve natural lighting and ventilation but also provide venues for recreation, social interaction, and small-scale
exhibitions—strengthening the public character of underground environments while reinforcing visual and spatial
connections with surface-level urban fabric.

3.4.  Micro-Level Dimension : Placemaking and Environmental Quality Enhancement

Micro-scale design critically shapes user experiences and environmental quality in underground spaces. Key
strategies include spatial proportioning, natural element integration, and artificial environment optimization to
enhance comfort.

e Spatial Proportioning and Interface Design: Space dimensions (width, height, length) must align with
functional typologies, pedestrian flows, and activity characteristics to prevent oppressive or excessively
vast sensations. Critical interfaces—walls, floors, and ceilings—require deliberate material selection,
color schemes, textural qualities, and lighting treatments that support functional objectives and
atmospheric goals while ensuring navigational clarity, durability, maintainability, and aesthetic coherence.

¢ Integration and Simulation of Natural Elements: Natural light introduction via skylights and light tube
systems reduces reliance on artificial lighting in deep underground areas. Natural ventilation leverages
wind/thermal pressure effects through optimized vent placement to supplement mechanical systems,
ensuring air freshness. In illuminated zones, shade-tolerant vegetation and ecological water features
enhance aesthetics and microclimates.

e Artificial Environment Refinement: Comprehensive improvements encompass advanced lighting and
acoustic design, systematic wayfinding and information systems, public art reflecting regional cultural
identity,user-oriented amenities addressing behavioral need.

4. DESIGN MODELS AND BEIJING PRACTICES

Beijing has pioneered diverse approaches to underground public space utilization amid stock renewal.
Representative case studies illustrate practical applications of the proposed urban design framework.

4.1. Networked Underground Spaces and Vitality Enhancement in Urban Cores: Cases of
Wangfujing/Financial District Renewal

Urban cores (e.g., Wangfujing, Financial Street, CBD) feature high-density built environments with persistent
traffic congestion and commercial competition, necessitating enhanced public space quality and economic vitality.
Early underground developments suffered from poor connectivity, outdated facilities, and obsolete commercial
formats.

Regionally, unified underground planning aligned with transit integration establishes district-wide pedestrian
networks and comprehensive service systems. Locally, new or renovated underground passages connect disparate
commercial buildings, offices, hotels, and cultural facilities into networked retail complexes. Strategic placement
of sunken plazas and atriums creates attractive public nodes that channel pedestrian flow and intensify commercial
vibrancy.

At the micro-scale, high-quality commercial environments are achieved through unified wayfinding systems,
optimized lighting and HVAC controls, premium finishes, and culturally resonant art installations. These high-
investment projects demand intensive coordination; success hinges on unified planning, phased implementation,
and refined operational management — particularly regarding property rights delineation and centralized
administration to enable effective shallow-space interconnectivity.
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Figure 1. Beijing CBD Core Area Vertical Design Schematic
(B1-B2: Commercial Space; B3-B5: Civil Defense & Parking)

4.2. Transforming Existing Transit Stations into Compact Urban Lounges: Ping’anli Metro Station
Integration Project in Xicheng District, Beijing

Located within Beijing’s core functional area adjacent to the historic Xinjiekou district, Ping’anli Station serves
as a quadruple-line interchange (M4, M6, M19, planned M3). The renovation project replaces traditional corridor-
style transfers with a concourse-style interchange hall. A triple-height atrium channels natural light deep
underground, enhancing spatial comfort while strengthening navigational clarity.

The newly added underground integration zone features pre-embedded interfaces for future connections to
eastern and northern developments. This "satellite concourse” optimizes multimodal transitions, catalyzing a
symbiotic "transit-community" development model. Crucially, courtyard-inspired dispersed volumes mitigate the
visual impact of large-scale infrastructure on the surrounding low-rise historical fabric, preserving neighborhood
character through sensitive massing articulation.
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Figure 2. Design of Public Reception Space at Ping'anli Station Underground Hub
4.3.  Semi-Underground Cultural Facility: Beijing’s Three Hills and Five Gardens Art Center

Located in the northwest corner of Haidian Park, Haidian District, the Three Hills and Five Gardens Art Center
is Beijing’s first non-heritage-site art museum developed underground. Spanning 21,000 m2 with 19,000 m?
situated below grade, its four subterranean levels extend over 30 meters deep. A 14-meter clear height integrated
with lightwells floods exhibition spaces with natural light, ensuring visual transparency and comfort.

As a custodial, research, and interpretive hub for Haidian’s cultural legacy across eras, the center advances
community cultural development through diverse public programs. It fulfills a dual mandate: safeguarding regional
heritage while fostering artistic exchange within a modern cultural complex harmonizing conservation, exhibition,
and natural landscape integration.
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Figure 3. Above-Ground & Semi-Submerged Structures of Haidian San Shan Wu Yuan Arts Center

4.4. Community-Driven Underground Micro-Space Activation: Ganluxiyuan Digua Community in
Chaoyang District

Digua Community exemplifies Beijing’s innovative repurposing of derelict underground spaces—abandoned
basements and civil defense shelters—into neighborhood hubs through spatial reconfiguration + community co-
creation. The Ganluxiyuan project transformed 1,500 m? of basement into a "Shared Living Room" featuring free-
access zones (book café, "Digua University") and fee-based amenities (board game rooms, table tennis).

Similarly, Anyuan Beili’s 560 m? Digua Community integrates "Task-Lit Reading Nooks" and "Community
Fitness Corners," hosting elder Peking opera clubs and student gatherings. This model pioneers a multi-stakeholder
governance framework with government oversight, resident-led operations, and cross-sector partnerships.

Figure 4. Underground Public Space Renewal: DiGua Community
(Left: Ganluxiyuan, Chaoyang | Right: Anyuan Beili Community)
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5. CONCLUSION AND FUTURE RESEARCH DIRECTIONS

High-quality underground public spaces transcend mere transportation nodes or commercial extensions,
emerging as vital venues for civic interaction, cultural engagement, and recreational activities that constitute
modern urban vitality. Within stock renewal contexts, further research should advance:

Intelligent Systems: Implementing digital twins and 10T technologies across underground space lifecycles to
establish smart management frameworks.

Resilience Enhancement: Optimizing disaster response capabilities through risk-informed design that
strengthens mitigation and recovery functions.

Eco-Innovation: Developing energy-efficient systems and ecological materials for low-carbon operations.

Adaptive Reuse: Innovating retrofitting techniques and reprogramming strategies for civil defense structures
and obsolete facilities.

Governance Reform: Revising property rights regimes and planning approvals to enable integrated
administration.

Coordinated advancement in these domains will catalyze high-quality underground space development,
promoting sustainable spatial utilization and enhanced human habitats.
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RESEARCH ON UNDERGROUND SPACE LMAGE AND PRACTICE OF THREE-
DIMENSIONAL URBAN DESIGN

Fang Zhou?, Zhang Huang?, Lin Yifeng®

Abstract: Underground spaces exhibit distinct spatial and organizational characteristics compared to above-ground
environments, leading to significant differences in human perception, cognition, and urban image elements. Building upon
Kevin Lynch's foundational theory on urban image, which highlights subway stations as key examples of urban separation with
conceptual connections to the surface, this research investigates the urban image of underground spaces. The study employs a
mixed-methodology approach, utilizing structured interviews and cognitive map drawing exercises within two established
underground complexes in Guangzhou: Huacheng Square and Tianhe business district. This primary data collection is further
informed by emerging techniques in 3D reconstruction of underground structures, which aid in characterizing the unique
elements of the underground urban image. The research comprehensively summarizes the defining features of these elements
and delves into their organizational principles. Furthermore, it explores the integrated spatial image organization between
above-ground and underground spaces. Based on this analysis, the study proposes formative principles for organizing
underground spatial forms and for three-dimensional urban spatial organization that synthesizes above-ground and underground
image elements. These principles are intended to serve as fundamental methods for underground space planning and city design.
The practical application and validity of these proposed principles have been tested and demonstrated through implementation
in the Xi’an Port District urban design project.

Keywords: Underground space, Image, Three-dimensional Urban Design, Spatial form

1. INTRODUCTION

Underground spaces are characterized by relative enclosure, artificial interior architecture, and vertically
layered structures. The separation between above-ground and underground spaces, insufficient indoor lighting,
and visual obstruction from building structures all limit human field of vision, making the perceptible elements in
underground spaces far fewer than those above ground, lacking abundant image-supporting elements.

At the same time, the various functions of underground space must be organized on different vertical levels.
Coupled with modern cities that coordinate above-ground and underground spaces connected to urban rail transit
stations, people's cognition of space must shift from the two-dimensional characteristics of ground space to a more
complex and less readily understood three-dimensional space that combines horizontal and vertical featurest .

Kevin Lynch's "The Image of the City" already noted that underground spaces such as subway stations are a
significant case of city separation, and they have intangible, conceptual connections with the surface (Kevin Lynch,
2001) . However, because of the particular spatial characteristics of underground spaces, they are quite different
from the above-ground spaces in spatial perception and cognition and possess unique image characteristics.

This research on urban underground space image builds on Kevin Lynch’s pioneering studies and uses the
method of interviews plus drawing cognitive maps on actual, constructed underground space cases, to summarize
in depth the characteristics of each image element in the urban underground space, to study the organization of
these elements and their above-below three-dimensional spatial image organization, and to propose certain
principles for underground spatial form and three-dimensional city spatial organization. These can serve as basic

1 Fang Zhou, Underground Space and Planning, Professor Engineer, Guangzhou Transport Planning Research Institute co..Itd.
2 Zhang Huang, Underground Space and Planning, Senior Engineer, Guangzhou Transport Planning Research Institute co..Itd.
3 Lin Yifeng, Underground Space and Planning, Engineer, Guangzhou Transport Planning Research Institute co..ltd.
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methods and theories for underground space planning and three-dimensional city design, and have been further
applied in the urban designs of Xi’an Port Area and the southern area of Guangzhou Pazhou.

2. METHODS
2.1.  The cognitive mapping approach

The study was conducted through in-depth, semi-structured interviews where participants were actively
engaged in drawing their mental maps of the underground spaces. This method directly draws inspiration from
Kevin Lynch's technique in The Image of the City, where residents were asked to sketch their mental images of
the urban environment to identify key elements like paths, edges, districts, nodes, and landmarks. In this study,
each combined interview and mapping session lasted approximately 30 minutes, resulting in a collection of 40
cognitive maps. This qualitative technique allowed researchers to gain a deep, nuanced understanding of how
different user groups perceive, navigate, and remember the spatial layout and defining features of the underground
environment, effectively capturing the legibility and imageability of the space as per Lynch's framework.

/

NS =

Figure 1. Cognitive Map Drawings from the Research
2.2.  Questionnaire Survey

The questionnaire survey was developed and deployed as a complementary quantitative tool to validate and
generalize the findings from the in-depth cognitive mapping exercises. Following Lynch's principle of gathering
diverse public perceptions, the survey, distributed to 302 respondents, was specifically designed based on
preliminary insights from the interviews. It aimed to systematically investigate public attitudes, usage patterns,
and behavioral characteristics within the underground space. The questions ranged from eliciting first impressions
and usage scenarios to probing wayfinding strategies and the recall of memorable spatial elements, effectively
translating Lynch's qualitative focus into a structured format to quantify the presence and strength of imageability
elements and spatial experiences on a broader scale

3. CASE ANALYSIS
3.1. Case Selection and Investigation

This case study selects two cases: Huacheng Square ,and the Tianhe business district. Huacheng Square is
located in the central area of the Zhujiang New Town CBD in Guangzhou. It was completed and put into use in
2010. The ground level consists of a plaza and park, while the underground area is an integrated complex featuring
commercial, transportation, municipal, and parking functions. It connects multiple land parcels around the square
as well as the metro station, forming a relatively complex underground space network system. The underground
space in the Tianhe business district is a network system gradually formed by multiple projects constructed at
different times over the past two decades.

Both cases are of a certain scale, with comparable overall size, and have formed sizable urban underground
space systems, making them highly representative for research on urban underground space image.
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3.2.  Roads and Nodes: The Framework of Underground Imagery

The cognitive maps were classified by the main shape elements into three types: point + line, surface, and
composite (Table 1). It can be seen that the number of "point + line" elements is much higher; these mainly depict
frequently traveled routes, enabling certain descriptions along the way, which to a certain extent is related to the
dominant function of underground space for transportation. Respondents who drew "surface™ maps are more
familiar with the underground space and generally understand its spatial structure. Respondents who drew
"composite” maps are extremely familiar with the underground space, clearly comprehending the overall structure,
not only the framework of underground paths and nodes but also descriptions of areas and rich memories of various
landmarks, and can even accurately correspond them to the surface spaces above.

Table 1. Statistics on Types of Cognitive Map Shapes

Case Point + line type Surface type | Composite type
Huacheng Square 14 4 2
Tianhe Business District 10 6 4

3.3.  From Local to Global: Cognitive Formation of Imagery

By analyzing the integrity of the underground space depicted on the cognitive maps, three levels were identified
(Table 2): overall completeness, many local parts, and few local parts. The two cases displayed different features.
In Huacheng Square, underground space is divided into three weakly connected zones, resulting in cognitive maps
characterized mainly by many local areas; whereas in the Tianhe Business District underground space, the presence
of many nodal spaces and a simple vertical correspondence led to more overall cognitive maps.

Table 2. Analysis of Cognitive Map Integrity

Case Few local parts Many local parts Overall completeness
Huacheng Square 12 7 2
Tianhe Business District 3 8 9

3.4.  Underground Image Tied to Above-ground Elements

Almost all respondents marked a number of above-ground spatial elements, indicating that ground space
image elements play a key role in the cognition of underground spaces (Table 3). Most respondents habitually
correspond underground space image elements to surface space, and use the ground image as reference and
coordinate to organize underground space imagery, with only a few cases where underground space is used as
the base for organizing the above-ground spatial image.

Table 3. Number of Surface Spatial Elements

Case Few (<3) Moderate (4-8) Many (>8)
Huacheng Square
Underground Space 2 12 6
Tianhe Business District 2 7 1

Underground Space

4. DISCUSSION
4.1. Distinct Characteristics of Underground Space Image Elements Compared to Above-Ground
Compared to Kevin Lynch's established elements of above-ground urban imagery (paths, edges, districts,

nodes, landmarks), underground space imagery exhibits distinct characteristics due to its enclosed, interior nature.
Paths are the dominant skeletal element in underground cognition, requiring exceptionally high clarity and
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continuity in both plan and vertical connections to compensate for the loss of natural orientation cues. Nodes, such
as subway stations and sunken plazas, become critically strategic focal points, often possessing landmark qualities
and serving as vital integration points connecting the underground with the above-ground world. Districts are
primarily perceived through internal thematic differentiation rather than clear physical boundaries. Edges are often
virtual or perceived rather than physically distinct, and their permeation is crucial for wayfinding. Landmarks are
rare in a traditional, monumental sense; instead, their function is fulfilled by memorable nodes or relies heavily on
intensified artistic and cultural elements and signage systems to aid navigation in the homogeneous environment.
This underscores that underground space imagery is more dependent on intentional design for legibility compared
to the above-ground.

4.2.  Paths: The Skeletal Framework with Heightened Continuity Requirements

Paths serve as the dominant element in structuring underground space imagery, forming the fundamental
framework for cognitive maps. Unlike above-ground networks, these paths demand heightened continuity—both
planar and vertical—to compensate for limited orientation cues. Breaks in vertical connectivity significantly impair
wayfinding, as observed in complex underground transitions where disorientation frequently occurs.

Underground paths are cognitively simplified into straight-line connections between clearly defined origins
and destinations, such as subway stations. (He Ye, 2015) This mental compression mirrors schematic subway
maps, where complex routes are reduced to direct lines. The necessity of unambiguous start and end points further
distinguishes underground path perception from the more networked understanding of surface roads.

4.3.  Nodes: Strategic Focal Points and Integration Hubs

Nodes function as strategic focal points and integration hubs within underground space imagery, serving as the
second most dominant element after paths. Typical nodes—such as subway stations, sunken plazas, and atriums—
play a more prominent role underground than above ground due to the limited visual references. At the macro
level, metro stations often structure the city's image for passengers and act as catalysts for urban development
through concepts like TOD. At the micro level, key nodes help users organize mental maps and form the structural
framework of complex underground areas.

Underground nodes frequently exhibit landmark qualities by offering volumetric contrast or functional
significance within homogeneous environments. They also act as critical interfaces connecting above-ground and
underground imagery, enabling vertical spatial integration. When a node is recognizable both above and below
ground, it significantly enhances overall spatial continuity and supports cohesive wayfinding across levels.

4.4. Region: Thematic Zones with Weak Physical Boundaries

Regions in underground spaces are primarily defined by thematic features—such as architectural style,
commercial character, or visual themes—rather than physical boundaries. Perceived from within, these areas rely
on strong internal uniformity and repetitive spatial characteristics to enhance recognizability and provide a sense
of direction (Li Wei et al, 2011). Examples include zoning in underground shopping malls or parking areas where
different sections are distinguished by thematic elements rather than structural divisions.

Vertical stratification plays a critical role in organizing underground regions, both in relation to above-ground
spaces and within multi-level underground structures (Liang Yu, 2013). Functional differentiation across levels
necessitates intentional visual or nodal connections—such as atriums, elevators, or consistent signage—to
maintain spatial continuity and prevent cognitive fragmentation between layers.

4.5. Boundaries: Thematic Zones with Weak Physical Boundaries

Boundaries in underground spaces are predominantly perceptual rather than physical, emerging as transitions
in materials, lighting, or spatial scale rather than as tangible linear or surface-like separators. These boundaries are
often inconsistent with structural or engineering limits and are sensed more subtly compared to above-ground
contexts, where edges tend to be visually explicit and geographically defined.

To form a coherent and imageable spatial system, underground boundaries must be visually or functionally
dissolved. Physical or visual continuity—achieved through shared elements like atriums, aligned pathways, or
natural lighting—can integrate adjacent areas, weaken the perception of separation, and enhance wayfinding.
Successful boundary treatments thus prioritize permeability and interconnection, transforming conventional
divisions into opportunities for spatial fluency and place-making.
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4.6. Landmarks: Rarely Physical, Often Cultural or Nodal

Landmarks in underground spaces demand intentional reinforcement due to the lack of natural visual cues and
spatial homogeneity. It is difficult to establish large-scale physical landmarks; instead, distinctive nodes with
volumetric contrast or those enhanced through cultural, artistic, or architectural treatments often assume landmark
roles. These elements provide crucial visual anchors and support spatial identity in an otherwise uniform
environment.

Signage systems serve as essential artificial landmarks, especially for new users who rely on them for primary
navigation (Guo Mei, 2012). As users become familiar with the space, they depend more on path-based features
and internal imagery, using signage mainly for ambiguity resolution or confirmation. Thus, an effective landmark
system combines clear signage with designed spatial features to strengthen overall imageability.

5. RESULT
5.1. Organizing Imageability and Spatial Framework through "Path™ Elements

Design and organization of underground paths are fundamental for spatial form in underground spaces.
Underground roads, while serving their traffic function, should also have clear directionality, continuity, starting,
and ending points. For urban underground space networks, a simple underground road structure and spatial form
will help simplify imageability elements in the mind, enabling clearer mental images. This is particularly vital in
underground spaces with almost no external references; the comparison between the readability of the Huacheng
Square and Tianhe underground spaces serves as a clear example.

5.2.  Strengthening the Imageability of ""Node'" Elements

First, further emphasizing the start and endpoints of underground roads as imageable spatial nodes will enhance
the overall imageability of underground space. Second, reinforcing nodes that connect to the above-ground
space—often realized with sunken plazas or skylights—can create a strong sense of place. Third, strategically
creating spatial node elements with landmark features, particularly those with significant changes in spatial scale,
often form the core of underground spatial organization, with key underground roads connecting to them, resulting
in a clearly imageable radial underground network spreading out from the center.

5.3.  Organizing Other Imageability Elements Based on ""Path + Node"

Underground roads can use themed boundary features to create underground regions with different themes,
which further enhances the sense of orientation, scale, and measurability in the space.

The connection between two underground regions can further break the constraints of underground boundaries;
the joining surfaces can enhance interpenetration between the two regions and even form underground spatial
nodes, further improving the imageability of underground road connections.

For underground landmarks, in addition to improved signage systems, commercial and service facilities can
further enrich boundary element features. Moreover, since underground landmarks have distinctive scale
characteristics, aspects of culture, art, and creativity should also be considered and synergistically enhanced with
spatial node elements.

6. PRACTICAL IMPLEMENTATION

The research findings on underground space planning theories have been applied in the urban design of the
Xi’an Port District urban design project. The Project is situated in the Xi'an International Trade & Logistics Park
(Xi'an Port Area), a nationally significant modern logistics and international trade hub in western China. Located
in the northeastern part of Xi'an,
6.1. Creating a Vertically Integrated Urban Vitality Corridor along the Central Axis:

Along the central axis, create a three-dimensional urban park vitality zone consisting of a ground waterfront

slow-moving lane, a slow-moving lane on the first underground floor, and an underground rail transit on the second
underground floor, with transportation, recreation, and comprehensive service functions as the main features.
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The design centers on three major public transport hub cores: Tiyu Zhongxin Station, Shuangzhai Station, and
Gangwu Avenue Station. Additionally, a hierarchical node system is implemented: larger three-dimensional park
nodesare formed at the center of each 800mx800m block, while smaller internal spatial nodesare created within
every 300mx400m block. These nodes are interconnected through the central axis and a public underground space
system, forming a cohesive and continuous urban public spatial network.

Figure 2. Connections between blocks. (Drawn by the author)

Through the sunken square, sunken courtyard, evacuation stairs and vertical transportation facilities,
convenient connection between the ground and underground is achieved. The second-floor platform is connected
with the central square, the overhead subway station and the surrounding buildings to form a whole. Provide
convenient and fast walking space for pedestrians. The ground pedestrian system combines the road's slow lane
and the waterfront slow lane as the main slow lane, focusing on creating a landscape environment and creating a
relaxed and casual walking atmosphere. The public underground pedestrian passage is straightened as much as
possible, with a single main passage forming the skeleton and secondary passages to complete the network, and at
the same time connect with the subway and development plots.
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Figure 3. Diagram of the connection between the underground pedestrian system and the ground level (Drawn by the author)
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Figure 4. Satellite imagery (https://map.baidu.com/)
6.2. Create nodes and landmarks with distinctive regional characteristics.

At important nodes, the integration of above-ground and underground public spaces is achieved through the
organization of two image elements, landmarks and nodes, in three-dimensional space. For example, at the
Olympic Sports Center Station in the Port Authority District, based on the principle of three-dimensional urban
image organization, an underground distribution hall is set up at the location of the underground passage from the
subway station to the Olympic Sports Center, and the hall is treated with a glass roof that can be illuminated.
Citizens can see the Olympic Sports Center building through the lighting roof on the first floor below, which can
quickly identify the space and effectively integrate the above-ground and underground spaces. This principle has
been fully implemented in the subsequent engineering design and implementation, and has now been completed,
as shown in the satellite image.

adigés

Figure 5. Renderings of the sunken square (Drawn by the author)
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Figure 6. Figure7. Satellite imagery (https://map.baidu.com/)

7. CONCLUSION

Influenced by the special underground space environment and cognitive mode, the image elements of
underground space have their own unique characteristics compared with the image elements on the ground, and
there are also certain particularities in the relationship and organization of the image elements. Organizing the
image of underground space in combination with the characteristics and relationship of the image elements of
underground space is an important principle of underground space morphology organization.

At the same time, the ground space image is an integral part of the city image, and the ground space is also an
important reference for the underground space image. There are many connections between the underground space
image elements and the ground image. How to deal with the connection between the ground and underground
image elements is an important design principle for achieving the integration of urban space.

With the rapid growth of urban underground space construction, the connection between underground space
construction and urban ground construction is expanding and strengthening, showing a trend of mutual penetration
and mutual influence. It is necessary to change the current situation that urban design only focuses on ground space
form. The results of this study can be used as an important principle and method for the organization of urban
underground space form and the organization of the overall urban space form, further guiding the development of
urban underground space and three-dimensional cities.
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OLD MINES AND INDUSTRIAL TOURISM: THE CASE OF AN ANCIENT MINING
GALLERY IN LAVRION, GREECE

Dimitris Kaliampakos!, Athanassios Mavrikos?, Dimitris Lamprakis®

Abstract: The mining sector is one of the most important economic sectors in the world. Metals, fossil fuel and industrial
minerals are essential to every country’s economy supporting its growth and development. However, when mines close due to
mineral resources exhaustion, environmental concerns, economic or political reasons the impact on the local economies and
communities is very hard. Reusing old mine sites and turning them into tourist attractions can help revitalize these communities
and boost their economies. Mining tourism is part of industrial tourism, a trend that has been growing significantly in the last
three or four decades. Old mines are recognized as having significant potential for industrial tourism as they offer visitors a
chance to see and get to know mining tools, equipment and technologies, minerals and rocks, etc. This has resulted in former
mine sites being used as museums/educational centers (Britannia Mine Museum, British Columbia), visitor attractions (e.g.
Wieliczka Salt Mine, Poland), recreational areas (Zip World, Wales) and even underground theme parks (Salina Turda,
Romania). The paper describes the undergoing project of restoring and repurposing of an ancient mining gallery in Lavrion,
Greece. The underground mining gallery has evidence of mining activities that span over more than 5,000 years as it was used
both by ancient Greeks and contemporary miners in the 19th century to mine the silver ores in the area. The mining gallery will
attract visitors and will provide both informative and educational material and activities related to the mining methods, the
geology and history of the area.

Keywords: closed mines, mining tourism, ancient mine gallery restoration

1. INTRODUCTION

The global mining industry is a crucial component of modern society, supplying the raw materials that are
indispensable for infrastructure, technology, digital transformation and energy transition. Global mining
production is driven by the escalating demand for “critical minerals" — notably lithium, cobalt, and rare earth
elements — which are vital for electric vehicle batteries, renewable energy technologies (solar panels, wind
turbines), and advanced electronics. While traditional commodities like coal face a declining trajectory in some
regions due to decarbonization efforts, overall demand for mined resources is projected to continue its upward
trend, particularly for those essential to the green economy (OECD, 2019).

The mining industry is also very important for the economy. Its value is estimated at approximately $2.26
trillion in 2024, expecting to experience further growth, with projections suggesting it could reach around $3.0
trillion by 2029. Furthermore, the mining sector contributes to direct and indirect employment worldwide. The
coal industry accounts for approximately 8.4 million jobs globally. Within the European Union, the mining and
quarrying sector employed around 371,000 individuals in 2022. The future prospects of the mining industry are
dependent on both significant opportunities and challenges, such as the demand in critical minerals and energy
transition, the digitization and automation of mining operations, sustainability and Environmental, Social, and
Governance (ESG) targets as well as geopolitical factors (Herrera Herbert, 2022).
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Without doubt, the mining sector is very important, nevertheless, mining activity usually expands in a rather
short period of time. After a mine is closed either because the ore deposit has exhausted or for various economic,
technological and even political reasons there remains a significant industrial infrastructure. It may not be able to
serve its original purpose but it bears a significant potential that could be exploited. Many mining sites are valuable
as industrial monuments, carrying an important legacy and are seen as a testament for miners and mining
communities. In this context the concept of industrial tourism has emerged in the last decades (Edwards and Coi,
1996). Industrial tourism is a growing trend that focuses on the adaptive reuse of unused industrial sites, with
closed mines emerging as particularly popular attractions. Mining tourism highlights the historical, geological, and
cultural significance of former mining sites and creates immersive visitor experiences. Closed underground mines
offer a unique window into the industrial heritage of a region, allowing tourists to explore adits, shafts, and
machinery that once powered local economies. By transforming disused tunnels and facilities into safe, engaging
attractions, regions can both preserve mining heritage and stimulate post-industrial economic regeneration. Sites
of former mining activity offer a blend of historical authenticity, technological heritage and socio-economic
narratives, transforming places of past labor and resource extraction into spaces for public engagement and
education (Guo et al., 2024; Xie et al., 2020; Chazi et al., 2021). One key parameter lies in providing visitors with
an immersive, "behind-the-scenes" experience that transcends traditional museum exhibits, allowing for a tangible
connection to industrial processes, the challenging lives of miners, and the profound impact of industry on local
communities and landscapes. Furthermore, the conversion of closed mines into tourist destinations often serves as
a vital strategy for post-industrial regeneration, offering new economic opportunities and helping regions
overcome the socio-economic repercussions of mine closures by creating new jobs, supporting local businesses
and improving vital infrastructure in these areas. Moreover, mining tourism can have positive effects regarding
the protection of historic structures, the preservation of mining culture and history and the establishment of
partnerships with schools and universities developing educational material and creating research opportunities
(Morea et al., 2016). Among the many successful examples of transforming abandoned mines into thriving tourist
operations are the Wielizcka salt mine in Poland (Fig. 1), the Salina Turda salt mine in Romania (Fig. 2) and the
Zollverein Coal Mine Industrial Complex in Germany (Fig. 3).

Figure 1. The St. Kinga's Chapel in the Wieliczka salt mine, Poland (source: https://whc.unesco.org/en/list/32 Accessed

05/07/2025)
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Figure 2. View of the Rudolf Mine in Salina Turda underground theme park (source:
https://www.salinaturda.eu/en/locatie/rudolf-mine/ Accessed 05/07/2025)

Figure 3. Aerial view of the Zollverein XII Coal Mine Industrial Complex, which has been inscribed on the UNESCO
World Heritage List (source: https://whc.unesco.org/en/list/975/ Accessed 05/07/2025)
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These examples illustrate the diverse approaches to mine repurposing, ranging from historical preservation and
educational tours to extreme sports venues and cultural centers. Their success lies in their ability to offer
compelling narratives, unique experiences, and often, significant economic contributions to their respective
regions.

The paper presents the steps in order to repurpose an ancient mining gallery in the Lavrion Technological Park
in Greece. The underground mining works span across almost 5,000 years of mining history in the area as parts of
the mining gallery are the remains of the mining works of ancient Greece, while the most recent sections represent
the last phase of mining activity in the area across the 19" and 20™ centuries. The paper analyzes the main
methodological approach, the questions that need to be answered, the challenges, the risks and the future plans.

2. METHODOLOGICAL APPROACH FOR RESTORING OLD MINE GALLERIES

The process of turning former mining sites into safe facilities that attract tourists involves many challenges and
requires careful design. Mines are designed to serve a heavy industrial activity and not to welcome visitors or the
general public. The lifespan of underground mining works is short as they are not indent to and the safety factors
are kept at a minimum to boost economic output. There are many risks associated with closed mines such as aged
and deteriorating infrastructure, roof instability, rock collapse oxidation of metal support elements, etc. In addition,
one cannot exclude that the underground space has its own unique characteristics, like lack of lighting, poor
ventilation, confined spaces, orientation difficulties and usually water inflow or even flooding. In some
underground mines it is possible for pollutants or hazardous material to be present, a condition that further
complicates restoration and reuse plans (Guo et al., 2024).

The key actions for the successful repurposing of old underground mine facilities are linked to safety,
environmental concerns, authenticity and history, exhibition/educational material and visitor accommodation
infrastructure:

o Control and safety requirements: Stability of galleries, ventilation, lighting, fire safety, access -
emergency exits and compliance with legislation

e Environmental Concerns Risk: Acid mine drainage, heavy metal leaching. Mitigation: Water
treatment systems, sealed waste piles, ongoing environmental monitoring

e Respect for authenticity and history: preserving the historical and aesthetic identity of the site while
enhancing it. Risk: Over-theming can undermine historical authenticity. Mitigation: Engage heritage
experts, maintain original structures, interpret rather than alter

e  Adaptation to the modern visitor experience: interactivity, digital applications (e.g. VR/AR), thematic
guided tours.

o Development of educational/exhibition material: Creation of signage, multimedia, mock-ups and
guides explaining the operation of the mine.

e  Visitor accommodation infrastructures: Installation of parking, toilets, refreshment facilities, ticket
offices, etc.

3.  THE CASE OF THE ANCIENT MINING GALLERY AT LAVRION TECHNOLOGICAL AND
CUTLURAL PARK

3.1.  Mining activity in Lavrion through history

The Lavrion area has a very long history in mining activity. There is evidence from archaeological data that
mining started in the area as early as 3200 BC (Morin and Delpech, 2018). Research has brought to light ancient
ore washing facilities, ancient smelting installations and ancient underground mining works (Conofagos, 1980;
Voudouris et al., 2021). The ancient Greeks used slaves to mine the silver ores in the area, contributing to the
wealth and strength of the city of Athens. The discovery of higher grade, third contact mineralization around
Kamariza area, dated at 483 BC, marked a change in the mining history of Lavrion. It favored more continuous
and large scale mining and processing operations (Ross et al., 2023).

Modern metallurgy and mining at Lavrion started at 1864 with the exploitation and the resmelting of the ancient
slag heaps (Morin and Delpech, 2018; Markouli, 2019). There were two mining companies, “The Metallurgical
Company of Lavrio” (1873-1927) and the “French Mining Company of Lavrio” (1875-1981, FMCL) in the area.
Both the Hellenic and French companies have been the essential supporting factors of Lavrio area's development
in that new period of the industrialization of Greece. The 1867 workers' settlement was finally developed into a
10.000 inhabitants' town in the beginning of this century. The two companies constructed urban infrastructures,
such as schools, churches, a small hospital and port facilities, in order to facilitate their operations and attract

194



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

working population. The Hellenic Company is associated with the use, for the first time in Greece, of electricity,
the telephone and other technological innovations. Those included the construction of the Attikos railway (1882-
1885), thus connecting Lavrion to Athens. Operations ceased permanently in 1989 as a result of the broader de-
industrialization all over Greece (https://en.ltcp.ntua.gr/history/).

3.2.  The Lavrion Technological and Cultural Park

The Lavrion Technological and Cultural Park (LTCP) was founded in 1992 in the facilities of the old
French Mining Company of Lavrion (Compagnie Francaise des Mines du Laurium), at the initiative of the National
Technical University of Athens (NTUA), aiming to host and promote research and business activities. In the
following years after the closure, NTUA set out an ambitious project to transform the former industrial site into a
Technological Cultural Park and Museum of Technology (https://en.ltcp.ntua.gr/history/).

Today, the Park occupies a space of 60,78 acres, which includes 41 building units of a total area of 25,000 m?,
and constitutes a protected national monument by the Ministry of Culture. The LTCP’s facilities include industrial,
laboratory and professional premises of high aesthetic and architectural value, most of which were built during the
period 1875-1940. The site used to host industrial activity until 1988. During the 120 years of the industrial
complex operation, it has been subjected to various transformations, renovations and additions, in order to line up
with the demands of each technological evolution. Until now, 19,76 acres of facilities and several buildings have
been restored, highlighting the LTCP as a unique monument of industrial archaeology and architecture. The
industrial buildings have been reconstructed, combining the evaluation of the historical forms with contemporary
functionality and house a variety of new and innovative businesses, NTUA’s laboratories, as well as cultural and
educational institutions. With the support of the local community, the LTCP contributed to the rebirth of the
industrial facilities and their operation as a cradle for the development and the implementation of innovative
products and activities of technological, educational and cultural content (https://en.ltcp.ntua.gr/history/).

3.3.  The restoration of LTCP’s ancient mining gallery into a tourist attraction

The ancient mining gallery is located on the southern edge of the LTCP. Miners around 1875 followed the
ancient galleries that existed in the area in search of mineralization and orebody. There was therefore the
excavation of the main original chamber and, subsequently, the extension of the adit further south towards the area
of the Kyprianos settlement. After the ore deposit was exhausted, the underground space was used as a storage
area for explosives (Fig. 4).
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CROSSCUT

Figure 4. Map of the ancient mining gallery in Lavrio TCP (source: Delpech et al., 2012)

The ancient gallery can be divided into three sections:

e Section 1. Entrance (Fig. 5):The Entrance area is the main area of interest of the Historic lodge. Within
this area there are and developed ancient galleries, exploitation areas, artificial stone pillars, and most
importantly there is a significant widening of the cross-section (~12 m), which may facilitate visitors
to the site. In addition, a key element is that there is direct access through the entrance/exit to the site.
There are stability issues with the roof in this area.
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Figure 5. Section 1 of the ancinet gallery. The entrance to the undergound space, the artificial stone pillar and ancient
mining works are depicted.

Section 2. Gallery area (Fig. 6): The gallery area is the central part of the site and consists of the
gallery (rectangular/petal-shaped cross-section, 1.5-2.0x2.0m in size), approximately 75-80 m long,
extending south of the entrance area. In this area there is a local widening to the east, for ore
exploitation, 4-5 m wide. The adit has been drilled mainly within the upper marble and does not show

any stability problems.

S0m

Figure 6. Secrion 2 of the ancient gallery. The central part consists of an adit of rectangular cross-section, roughly 1.5-
2.0x2.0m in size and around 80 m long.

Section 3. Kyprianos area (Fig. 7): This section concerns the terminal part of the gallery that runs

]
below the Kyprianos area. There are older adits or mining stopes and access is difficult. In addition,

197



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

the area is underneath houses and roads and as a result there is inflow of rainwater and sewage. This
section is not considered to be of interest for development.
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Figure 7. Section 3 of the ancient gallery. Most of this part is developed benath the Kyprianos urban settlement.

In the past there have been some attempts to restore this ancient mining gallery. In 1998, the effort was mainly
aimed at improving the safety conditions. To this end, the roof and rock wedges were reinforced using wooden
supports. Timber sets were installed along the main gallery and the artificial stone pillar was restored. In addition,
access to the edges of the underground rooms (mainly the eastern side) was prohibited for safety reasons.

For the design of the restoration of the ancient mining gallery in the LTCP, the following objectives were
considered:

e  Ensure the stability of the central area
e Ensure a second access/safety exit
e  Ensure appropriate air quality (air supply, humidity control)

There are some challenges or restrictions in this direction. There are mainly linked with the physical limitations
of equipment access, the preservation of site form/image using “historic methods/materials”, the limitation in
finding, nowadays, skilled personnel familiar with old mining or support techniques and certain legal restrictions
on use of areas outside the premises of the LTCP.

As far as the stability of the underground space is concerned, the required work includes conducting extensive
and detailed geological mapping and geotechnical measurements of the underground rock mass. Additionally,
installation of monitoring instrumentation is deemed necessary in order to examine the behavior of critical
underground areas. Another critical component of the design is the analysis of key failure mechanisms of roof,
wedges and pillars. Moreover, the development of a calibrated geotechnical simulation that can evaluate the
behavior of the underground space and finally the installation of specific support elements that will enhance the
stability and safety of the underground space.

With regards to the improvements in the underground gallery and improving public safety, the focus is on
improving the entrance area by increasing the cross-section. Furthermore, the excavation of a second access tunnel
would vastly improve ventilation and safety and is considered a priority. Finally, the repurposing of this ancient
mining gallery into a tourism attraction requires the installation of an appropriate flooring system for easy public
movement and appropriate signage, safety lighting, etc.

Regarding the support measures, the underground area of the ancient mining gallery is generally characterized
as stable, with only local instability issues at the roof. It is expected that the main stability problems would be
related to gravitational failures. Therefore, we suggest using passive support (timber and artificial stone pillars)
that are in line with the techniques of the past and respect the historic character of the site. The possibility of using
modern materials such as steel or concrete can also be considered, granted that these materials would be used as
e.g. the core for artificial pillars and then broken stone material will be used to shape them in an aged form. The
use of roof bolts is considered necessary for certain cases.

The excavation of a second access/exit tunnel is of critical importance for the project. It is proposed to develop
the second access tunnel at the south-western boundary of the entrance area, inside the LTCP premises. The access
tunnel would be approximately 30-35 m long and would facilitate the ventilation of the underground space, thus
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improving air quality for visitors and also meet the safety requirements for having two exits in any underground
mine.

4. CONCLUSIONS

In recent decades, industrial tourism has emerged as a significant cultural and economic trend. It has gained
momentum as a tool for cultural preservation and regional revitalization, particularly in areas marked by industrial
decline. This form of tourism, particularly in post-industrial and post-mining regions, transforms inactive industrial
and mining facilities into cultural landmarks, thus creating both educational and recreational value. The Lavrion
area in Attica, Greece, with its rich mining legacy dating back to antiquity, serves as a compelling case study in
this evolving trend. The Lavrion Technological and Cultural Park has been creating remarkable actions and
synergies, hence steadily and decisively contributing to the promotion of the distinctive history of the wider region
of Lavreotiki. Furthermore, LTCP is an important hub of innovation in the region of Attica, a milestone for the
development and evolution of the area of Lavrio. The various scientific, research and educational activities that
are hosted in the Lavrion TCP coupled with the multitude of cultural events and happenings have been an important
pillar for the revitalization and economic development of the area in the post-mining era.

The restoration of the ancient mining gallery of the Lavrion TCP is an integral reference point of the history
of the French Company of Lavrion Mines complex and of Lavrion in general. The necessary studies and the
corresponding works for the restoration of its structural stability, safety and functionality should be carried out
immediately so that it can find a new use as an emblematic tourist landmark of the area. The restoration can serve
as a pilot project that can be used as a tourist attraction in the region. The restoration and transformation of the
LTCP’s ancient mining gallery into a tourist attraction exemplifies this shift, demonstrating how heritage
conservation can coexist with sustainable economic regeneration. By repurposing mining infrastructure for public
engagement, can contribute to the revitalization of communities that have historically depended on extractive
industries. The introduction of guided tours, interpretive exhibitions, and interactive experiences not only preserves
local identity and memory but also generates employment and supports the diversification of the regional economy.
Moreover, the integration of mining tourism within broader heritage and eco-tourism networks opens new
directions for sustainable development, building upon the area’s historical significance and natural beauty. The
future prospects of industrial tourism in Lavrion present opportunities towards interdisciplinary collaboration,
community engagement and increased international visibility making the Lavrion area a model for innovative
heritage-driven development.
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NIHONBASHI AREA:
A CASE STUDY OF THE NIHONBASHI 1-CHOME CENTRAL DISTRICT URBAN
REDEVELOPMENT PROJECT
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Abstract: Nihonbashi Bridge is renowned as one of Japan’s most iconic and historically significant bridges, and the
surrounding area has served as a center of commerce, finance, and culture for approximately 400 years. In recent years, the
area has been expected to develop further as a tourist destination, with multiple urban redevelopment projects underway to
enhance the appeal of the riverside environment. In addition, construction is progressing to relocate the Metropolitan
Expressway—currently built above Nihonbashi Bridge—underground.

Among these initiatives, the Nihonbashi 1-Chome Central District Urban Redevelopment Project (hereafter referred to as “the
N1-C”) is scheduled to be the first of the ongoing projects in the area to be completed. The Nihonbashi riverside area currently
faces serious challenges for pedestrian circulation, including complicated and multi-level transfer routes between subway
stations on different lines, which hinder smooth movement.

To address these issues, the redevelopment association for the N1-C, in which Mitsui Fudosan is also participating, has put
forth four key policies: (1) Development of smooth, barrier-free underground routes, (2) Enhancement of transportation
connectivity through the installation of new subway ticket gates, (3) Development of seamless connection spaces enabling
smooth movement from underground to deck level, and (4) Establishment of an area-wide pedestrian network in coordination
with surrounding redevelopment projects.

This paper presents the N1-C as a case study, highlighting its efforts to create underground space in collaboration with various
surrounding redevelopment projects while respecting the location and historical context of the Nihonbashi riverside area.

Keywords: urban redevelopment project, barrier-free route, transport connectivity, connection space, collaboration
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1. BACKGROUND AND EMERGING CHALLENGES IN THE NIHONBASHI AREA
1.1. Characteristics and Challenges of the Nihonbashi Area

The Nihonbashi area, with the iconic Nihonbashi Bridge, has played a central role in Japan for several centuries.
Since the Edo period (approximately 400 years ago), the area developed as a hub where people, goods, and culture
intersected, functioning as the starting point of several historical roads and a base for water transportation.
Furthermore, from the Meiji period (approximately 150 years ago), many companies, including financial
institutions, established their offices in this area, making it an important driving force behind Japan’s economic
activity. In this way, the Nihonbashi area, which has long developed as a center of transportation, commerce, and
culture, still possesses significant advantages today, such as its proximity to Tokyo Station—the hub of the railway
network—and convenient access to the two international airports that serve as gateways to Japan. In recent years,
in addition to its growing functions as an international financial and business center, the area is also expected to
develop further as a globally recognized tourist destination.

Cia i@ — A ot I Nihonbashi Area
. it /

Figure 1. Location of Nihonbashi Area (source: Geospatial Information Authority of Japan)
1.2.  Undergrounding of the Metropolitan Expressway
In the Nihonbashi area, plans are underway to relocate the Metropolitan Expressway, a large-scale

transportation infrastructure, underground. Under the vision of "Restoring the Sky to Nihonbashi," this national
project aims to promote urban development that leverages the appeal of the riverside environment.[1]
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Figure 2. lllustration of the undergrounding of the Metropolitan Expressway (source: Press release by Metropolitan
Expressway Co., Ltd.)
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Figure 3. Present-day Nihonbashi Bridge with the Metropolitan Expressway overhead (source: Press release by
Metropolitan Expressway Co., Ltd.)

Figure 4. Perspective view of Nihonbashi after the undergrounding of the Metropolitan Expressway (source: Press
release by Mitsui Fudosan Co., Ltd.)

In advancing such a large-scale project, not only the public sector entities such as the national government and
the Tokyo Metropolitan Government, but also the private sector entities are cooperating. In the Nihonbashi area,
multiple redevelopment projects are underway along the riverside. Each redevelopment project is collaborating
under a shared vision and in coordination with the undergrounding of the Metropolitan Expressway, resulting in
an integrated approach to urban development throughout the entire Nihonbashi area.

203



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

2. INITIATIVES IN THE NIHONBASHI 1-CHOME CENTRAL DISTRICT URBAN
REDEVELOPMENT PROJECT

The Nihonbashi 1-Chome Central District Urban Redevelopment Project (hereafter referred to as “the N1-C”)

is scheduled to be the first among the ongoing redevelopment projects in the Nihonbashi area to be completed.
This paper introduces the creation of underground spaces aimed at enhancing the attractiveness of the Nihonbashi
area, using the N1-C as a case study.

Nihonbashi Bridge

1 \
¢

/j/j

Figure 5. Locations of the five major redevelopment projects along the riverside in the Nihonbashi area (source: Press
release by Mitsui Fudosan Co., Ltd.)

The N1-C is adjacent to the iconic Nihonbashi Bridge and is centrally located among the surrounding
redevelopment projects, making it the most representative district in the Nihonbashi area. This district has also
been designated as an Emergency Development Area, as well as an Urban Regeneration Project, under the relevant
law. Furthermore, the redevelopment association for the N1-C, in which Mitsui Fudosan is also participating, has
set forth the following four development policies to address issues related to the pedestrian network in the
Nihonbashi area.[2]

(1) Development of smooth, barrier-free underground routes

(2) Enhancement of transportation connectivity through the installation of new subway ticket gates

(3) Development of seamless connection spaces enabling smooth movement from underground to deck level

(4) Establishment of an area-wide pedestrian network in coordination with surrounding redevelopment
projects.

Based on these development policies, various initiatives have been implemented, some of which are described
below.

First, with regard to development policies (1) and (2), there are subway stations located underground on both
the east and west sides of the N1-C. On the west side, a new underground passage will be constructed to connect
with the existing ticket gates, while on the east side, not only a new underground passage but also new ticket gates
will be installed at the subway station. In this way, a smooth and barrier-free route will be ensured between the
eastern and western subway stations. This will further enhance the district's function as a transportation hub
connecting Tokyo Station with the international airports.

Next, with regard to development policies (3) and (4), pedestrian passages, open spaces for walkways, and
through-passages that connect to the surrounding roads and plazas of the N1-C will be constructed, establishing
an area-wide pedestrian network in coordination with neighboring redevelopment areas. In addition, new
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connection spaces will be created to link the underground level with the deck level, enabling smooth vertical
movement. This will further promote pedestrian circulation at the deck level and strengthen the overall network.[4]
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Figure 6. Overview diagram of the pedestrian network (source: Outline of City Planning, Mitsui Fudosan Co., Ltd. and
Nomura Real Estate Development Co., Ltd.)

Furthermore, promenades, including waterside plazas, will be constructed along the riverside. These
developments will contribute to the creation of a new waterfront pedestrian network that maximizes the appeal of
the river space.[3]

Figure 7. Perspective view of an urban space integrating people, the river, and the city (source: Press release by Mitsui
Fudosan Co., Ltd.)

In order to carry out such large-scale developments, collaboration and coordination with a wide range of
stakeholders are essential. Although managing and executing these efforts under the leadership of the N1-C, as a
private sector entity, presents significant challenges, they have been successfully implemented.
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3. IMPLICATIONS OF UNDERGROUND SPACE CREATION FOR THE URBAN
REDEVELOPMENT OF NIHONBASHI

Urban development in the Nihonbashi area has entered a new phase by promoting redevelopment projects
aimed at overcoming existing challenges. Through the collaboration of multiple redevelopment projects, including
the N1-C, a multilayered pedestrian network is being created, linking underground, ground, and deck levels.

Furthermore, the plan to relocate the Metropolitan Expressway underground to “restore the sky to Nihonbashi”

will not only improve the landscape, but also create spaces that rediscover and utilize the appeal of the waterfront
environment. These initiatives will enhance convenience and comfort, promote barrier-free access, and strengthen
transportation connectivity, resulting in significant advances in the urban functions of the entire area. The
Nihonbashi area is thus expected to evolve into a world-class center for international exchange, where history and
innovation are seamlessly integrated.

Figure 8. Perspective view of the five redevelopment districts centered on the Nihonbashi River and the surrounding
Nihonbashi Riverwalk area (source: Press release by Mitsui Fudosan Co., Ltd.)
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MANAGEMENT OF URBAN UNDERGROUND SPACE DEVELOPMENT IN SHANGHALI:
EXPERIENCE AND CHALLENGES

Chen-Xiao Ma?, Zi-Jian Li% Fang-Le Peng®

Abstract: Since the concept of urban underground space (UUS) utilization was first written into the Shanghai Master Plan
(1999-2020), there has been a significant surge in UUS development, with the total area reaching 155 million m? by the end of
2023. Establishing a robust management system to promote cooperation between public and private sectors and to achieve
interdepartmental collaboration is crucial for ensuring high efficiency of UUS development. This paper systematically analyzed
the evolution of UUS management in Shanghai over the past three decades through expert consultations, field investigations
and government document analysis. The results indicated that the legislation pathway of 'specialized first, comprehensive later'
and 'policies first, regulations later' has shaped the current '1+N+N' regulation framework in Shanghai, providing full coverage
of UUS scopes and utilization processes. Furthermore, clarifying municipal and district-level competent authorities for UUS
utilization was crucial during the rapid development phase of UUS. Another feature of UUS management in Shanghai was the
flexible adjustment of competent authorities in response to urban development demands. Empowering UUS planning with
statutory effectiveness standardized UUS development by private sectors. The government-dominated and market-driven mode
of UUS construction achieved a win-win situation for the government, the public and developers. As Shanghai has entered a
new urbanization phase characterized by urban renewal, the existing UUS management faces new challenges. How to improve
the local comprehensive statute for UUS utilization, how to optimize incentive policies, how to construct an effective
interdepartmental coordination platform based on the new competent authority, how to establish UUS management
mechanisms applicable to urban renewal and how to supplement unit level plans to bridge the gap between UUS master plans
and detailed plans, remained critical issues to be addressed. This paper aims to provide insights into UUS management for
other high-density metropolitan cities.

Keywords: urban underground space, legal system, management mechanism, planning system, Shanghai

1. INTRODUCTION

Development of urban underground space (UUS) is a critical strategy to promote urban sustainability and
resilience in metropolis (Bobylev et al., 2023; Zhang et al., 2024). Although it has become a consensus in Chinese
cities, a top-down management system covering the entire process of UUS utilization has not yet been established
at the national level (Xu & Zhu, 2013). A robust management system established by the government is essential
for sustainable and highly efficient UUS utilization. Over the past 30 years, many Chinese cities have conducted
legislative and management practices for UUS management in accordance with their urban development demands.
Among them, Shanghai is a representative city, renowned for its high performance of UUS development and its
systematic UUS management framework (Ma & Peng, 2023). Research on UUS management in Shanghai can
provide valuable insights for establishment of top-down management systems at the national level and in other
Chinese cities.
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Prior studies usually focused on the legislation of UUS property rights. Zaini et al. (2017) analyzed the content
related to UUS ownership and the bundle of rights and depth in current laws of Malaysia and compared these with
Japan, Finland, and Hong Kong to propose optimization suggestions. Maria et al. (2021) explored UUS
governance in the European Union from a space resource perspective. Zhang et al (2017) highlighted that property
rights played a crucial role in improving UUS legislative systems and proposed legislative suggestions based on
public goods theory. Other scholars also argued for the urgent need to construct a top-down unified UUS legal
framework to achieve comprehensive control over UUS development in China (Zhang et al., 2020; Peng et al.,
2024). On the other hand, construction of planning systems is equally important to sustainable UUS utilization.
Yuan et al. (2019) proposed the importance of strengthening the coordination mechanism for detailed planning
based on the comparison between UUS planning systems in China and Japan. VVon der Tann et al. (2020)
discussed the principles of systems thinking and presented a perspective on what elements should be included in
systemic approaches for planning and management of UUS. Zhao and Yuan (2024) suggested that China should
integrate UUS planning into the territorial space planning system to protect UUS resources during its development.
Additionally, Gui (2018) analyzed the UUS administrative management system in Beijing and pointed out that it
lacked a unified competent authority and interdepartmental coordination mechanisms. In summary, scholars have
researched UUS management issues from the following three aspects: legal systems, management mechanisms
and planning systems. National level studies were conducted with many valuable suggestions. However, Chinese
cities vary significantly in their demands and levels of UUS development. National level studies are usually too
macroscopic to directly guide the construction of UUS management systems in specific cities. Therefore, it is still
necessary to select specific cities or regions for in-depth and comprehensive studies.

This paper aims to thoroughly analyze the evolution of UUS development management in Shanghai over the
past 30 years and summarize the experience and challenges of management systems from the perspective of legal
systems, management mechanisms and planning systems. In terms of the methodology, we conducted two expert
consultations (including 16 experts from universities, government departments, planning and design institutes,
construction enterprises in Shanghai) and 13 field investigations (in 13 UUS management related public sectors)
from November 2023 to August 2024. Government policies and planning documents related to UUS utilization
were also collected and analyzed. The remainder of this paper is structured as follows. In Section 2, we briefly
review the current situation of UUS utilization in Shanghai. Section 3 summarizes the experience of UUS
management from three aspects. Section 4 proposes five challenges faced by the government in improving its
management performance in the new urbanization stage of urban renewal. Concluding remarks on this research
are finally provided in Section 5.

2. CURRENT SITUATION OF UUS UTILIZATION IN SHANGHAI

Utilization of UUS in Shanghai dates back to the 19th century, when the buried pipelines (1862) and
underground prisons of Louza Police Station (1888) were constructed in the International Settlement (Huang,
2015). The early development was closely related to the beginning of modern urbanization. Figure 1 illustrates
the development trend of UUS from 1862 to the present (Shanghai Municipal Commission of Housing and
Urban-Rural Development, 2023). Owing to the geological conditions, construction technology, economic
development and UUS cognition, the utilization of UUS in Shanghai has experienced a long period of slow
development in the 20th century, followed by the explosive growth thereafter. Its dominant ideology has also
evolved through several stages: high-rise building and buried pipelines (before 1949), civil air defense projects
(1949-1978), hybrid mixing of peacetime and wartime functions (1978-1999) and comprehensive functions (from
1999 to the present) (Qiao & Peng, 2016). In 2002, Shanghai was awarded the hosting rights for the 2010 World
Expo, marking the beginning of a period of rapid urbanization in the city. UUS amount surged alongside the
construction of the municipality-wide metro system and numerous land development projects in the main city. The
total UUS area reached 155 million m? in 2023. However, with the gradual transition of urbanization development
modes into the urban renewal stage, the annual growth area of UUS exhibited a fluctuating downward trend since
2017, decreasing to below 10 million m? in 2023. Newly added UUS was mainly located in urban renewal areas
of the city center, peripheral sub-centers and the five developing new towns in the suburbs.

Average UUS intensity for the municipality-wide area of Shanghai reached 24.400 m%km? in 2023. Figure
2(a) reveals the intensity distribution across the 16 districts of the city in 2023, showing a gradual decrease from
the city center to the suburbs. Huangpu District had the highest development intensity, while Chongming District
had the lowest. Figure 2(b) shows the comparison of UUS per capita and UUS intensity of UUS in Shanghai.
Huangpu District achieved both the highest UUS per capita and intensity, indicating its highest efficiency of UUS
utilization, compared with other areas. Qingpu, Songjiang, Chongming and Jinshan were located in the outer
suburbs, where UUS demands were lower than that in other districts, resulting in low values for both indicators.
Furthermore, districts of Yangpu, Pudong and Baoshan had relatively high UUS intensity, but their indicators of
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UUS per capita were low. It indicated a possible undersupply of UUS, especially in Yangpu, which was the only
one located in central urban area among the three districts. On the other hand, Fengxian obtained a high values of
UUS per capita with low UUS intensity. Rapid construction of Fengxian New City increased its total UUS area.
However, the discrepancy between the two indicators also suggested the possibility of an oversupply of UUS.

UUS Area (million m?) Metro Length (km)

160
UUS Area 2023 155 million m?
140 ——— Metro length 831 km 770
120 660
100 550
80 440
60 330
40 2002 220
5 million m?
63 km
20 1949 1978 110
0,14 million m? 3 million m? 1992 0 km
0 ®- ; —0— n o 0
1862 1950 1960 1970 1980 1990 2000 @ 2010 2020
* Obtained hosting rights for 2010 World Expo in 2002
A yus planning requirements first incorporated into the urban master plan m 1999
B First UUS master plan in Shanghai issued in 2005
C uus Management Joint Conference System (UMJCS) established in 2006
D Statutes on the Planning and Construction of Underground Space in Shanghai (SPCUSS) issued in 2013
E

Figure 1. UUS and urban rail transit development in Shanghai (Data source: Shanghai Municipal Commission of Housing and
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Figure 2. UUS development status of 16 districts in Shanghai in 2023 (Data source: Shanghai Municipal Commission of
Housing and Urban-Rural Development, 2023)
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Figure 3 compares the growth rates (2013-2023) and area proportions of different UUS functions in Shanghai
in 2023. There is an unbalanced distribution of UUS functions. Underground transportation (No. 1-5) and
municipal infrastructure (No.6), particularly car parks, accounted for 77,78% of the total UUS area and obtained
high growth rates. This was consistent with the analysis results from 2013 (Qiao & Peng, 2016) and indicated
that UUS development in Shanghai still primarily focused on addressing urban traffic problems and serving as
municipal facilities in Shanghai. Underground service facilities (No. 9-17) accounted for 4,64% of the total UUS
area, of which shopping was the dominant function with an extremely high growth rate of 175,42%. Land
developers increasingly focused on the economic value of UUS development, especially in metro-led areas, to
achieve excess profit returns (Shi & Zhou, 2017; Ma et al., 2024). On the other hand, abandoned or unused space
(No.19) obtained a high proportion of 8,15%. Although its growth rate was lower than the average, the
phenomenon of low-efficiency utilization of UUS resources still existed.
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400%
b 20 @ High area-High growth ®1 Car parks
3500 High area-Low growth 2 Bicycle parks
0% @ Low area-High growth @3 Rail transit
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Proportion of UUS area (2023) @20 Others

Figure 3. Comparison of growth rate (2013-2023) and area proportion of different UUS functions in Shanghai (Data source:
Shanghai Municipal Commission of Housing and Urban-Rural Development, 2023)

3. EXPERIENCE OF UUS MANAGEMENT
3.1. Legal system

Shanghai began integrating UUS management requirements into existing regulations and established UUS a
legal system in the 1990s. By 2025, Shanghai has developed a systematic '1+N+N" UUS legal framework, with a
local comprehensive statute on UUS serving as the core, supplemented and supported by several local specialized
statutes on specific underground facilities and a range of related regulations and policies (e.g., regulations,
provisions, measures, opinions, rules), as illustrated in Figure 4.
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Statutes of the Plagming and Construction of
Underground Space in Shanghai (2013)

TTTETETTH 3

Statutes of the Management of Urban Roads in Shanghai (1994)
Statutes of Civil Air Defense in Shanghai (1999)

Statutes of the Management of Urban Rail Transit in Shanghai (2002)
Statutes of the Prevention and Control of Land Subsidence in Shanghai (2013)
Statutes of the Safety Management of Railways in Shanghai (2020)
Statutes of the Urban Renewal in Shanghai (2021)

Measures for the Management of Engineering Planning of Pipelines in Shanghai (2001)
Measures for the Protection of Gas Pipeline Facilities in Shanghai (2005)
Interim Provisions on the Construction Land Approval and Real Estate Registration of
Urban Underground Space in Shanghai (2006)

Measures for the Safety Use of Underground Space in Shanghai (2009)
Provisions on the Control Indicators for the Development of Underground Space in New
Parks and Green Spaces in Shanghai (2010)

M es for the M t of Parking Lots (Garages) in Shanghai (2012)
Measures for the Grant of Underground Construction Land Use Rights in Shanghai (2013)
Measures for the Management of Pipelines in Shanghai (2025)

Regulations and policies

Figure 4. UUS Legal systems in Shanghai

(1) Successful legislation pathway of *Specialized first, Comprehensive later' and 'Policies first, Statutes
later’

Similar to the UUS legislation process of Japan (Liu & Shen, 2007), construction of Shanghai's UUS legal
system also followed a pathway of 'Specialized first, Comprehensive later' and 'Policies first, Statutes later'. In the
1990s, underground roads, metro systems, civil air defense projects, underground pipelines and underground
parking space were among the earliest constructed underground facilities. Public sectors accumulated extensive
experience in managing these specialized UUS. Subsequently, before 2013, the government successively
promulgated regulations and management measures for urban roads (1994), civil air defense projects (1999), urban
pipelines (2001), metro systems (2002), gas pipelines (2005) and parking lots (2012). These measures standardized
the space management of urban transportation and municipal infrastructure, including their underground
components. On the other hand, local statutes usually have higher legal effects compared with regulations and
policies issued by local governments (Zhang et al., 2020). To test the rationality of management requirements and
accumulate experience for local legislation, the Shanghai Government formulated several measures on planning
and safety use of UUS and its property ownership registration from 2006 to 2010. Establishment and revision of
the above-mentioned specialized regulations and diverse UUS-related regulations and policies provided the basis
for the legislation of the local comprehensive statute on UUS, namely the Statutes on the Planning and
Construction of Underground Space in Shanghai (SPCUSS) in 2013. It was enacted by the Standing Committees
of Shanghai People's Congress, representing a legal force second only to the Constitution and national laws.

(2) Full coverage of UUS scopes and utilization process in the municipality-wide area

Taking SPCUSS as an example, the definition of UUS was 'the space below the surface within the
administrative boundary of this city'. It encompassed both artificially constructed space and undeveloped UUS
resources. The full coverage of UUS scopes reflected the principle that the Shanghai Government constructed the
UUS legal system from the perspective of natural resource protection and orderly utilization. Therefore, in addition
to management regulations on specific underground facilities, the UUS legal system in Shanghai also included
policies related to ground subsidence and geothermal resource development. Moreover, the management systems
also covered the entire process of UUS planning, construction and operation. They provided detailed regulations
or descriptions for land use, real estate registration and development incentives for private sectors related to UUS.
This holistic approach ensured that all aspects of UUS utilization were governed by clear and comprehensive legal
frameworks, promoting sustainable and efficient development.

3.2.  Management mechanisms
Shanghai was one of the earliest cities in China to initiate the construction of a comprehensive UUS
management model, clarifying the competent authorities for the entire process of UUS utilization and establishing

systematic management mechanisms. In July 2006, the Shanghai Government established the UUS Management
Joint Conference System (UMJCS), a coordination mechanism involving UUS-related public departments and one
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state-owned enterprise (Shanghai Metro Company) responsible for comprehensive management of the major
issues of entire process of UUS development, including planning, construction and operation. The Shanghai
Municipal Bureau of Civil Affairs (SMBCA) was in charge of the UMJCS, which was actually appointed as the
municipal competent authority for UUS development in the city. From 2006 to 2009, the 16 districts of Shanghai
also established district-level UMJCSs, with the district civil affairs offices taking charge of UUS development.
In September 2014, following a functional adjustment in public departments, the current Shanghai Municipal
Bureau of Planning and Natural Resources (SMBPNR) was appointed as the competent authority for UUS
development according to the SPCUSS. Furthermore, since 2006, Shanghai has successively established several
specialized management platforms or systems targeting UUS utilization, including the Shanghai UUS Information
Infrastructure Platform (2006), UUS Expert Consultation Group (2007), UUS Safety Management Mechanism
(2009) and Professional Grid-based Management Mechanism for UUS (2010).

(1) Clarifying municipal and district-level competent authorities for UUS utilization

Given the multiple functions of UUS, its administrative and approval management in Shanghai involved as
many as 20 municipal departments currently as shown in Table 1. Among them, the SMBPNR, Shanghai
Municipal Commission of Housing and Urban-Rural Development (SMCHURD) and SMBCA were the three
most important departments. They were respectively responsible for the planning and land use approval of UUS,
construction management, and the entire process of approval and management of civil air defense projects.
Clarifying UUS competent authorities has established a mature top-down management system (Gui, 2018).
Combined with the UMJCS, the mechanism has effectively addressed issues that required interdepartmental
coordination in UUS utilization (e.g., compilation of UUS plans, major underground public space or complex
projects development management), unmanaged issues under the traditional framework (e.g., safety inspections
of existing UUS), and new challenges faced in urban construction regarding UUS development (e.g., establishment
of underground land use rights).

Table 1. Current UUS-related municipal government departments in Shanghai

Municipal departments In UMJCS? Management stages*

Yes No CA| P C o

Shanghai Municipal Bureau of Planning and Natural Resources ° ° ° ° °

Shanghai Municipal Commission of Housing and Urban-Rural Development ° ° °

Shanghai Municipal Bureau of Civil Affairs [ ° ° °

Shanghai Municipal Development & Reform Commission [ ° °

Shanghai State-owned Assets Supervision and Administration Commission [ °

Shanghai Municipal Commission of Economy and Informatization ° ° °

Shanghai Municipal Bureau of Public Security ° °

Shanghai Municipal Bureau of Finance [ ° °

Shanghai Municipal Bureau of Ecology and Environment [ °

Shanghai Municipal Commission of Transport ° ° ° °

Shanghai Municipal Bureau of Water Resources ° ° ° °

Shanghai Municipal Administration of Culture and Tourism ° ° °

Shanghai Municipal Commission of Health [ °

Shanghai Municipal Bureau of Emergency Management [ ° ° °

Shanghai Municipal Bureau of Fire and Rescue o °

Shanghai Municipal Administration for Market Regulation ° °
Shanghai Landscaping & City Appearance Administrative Bureau ° ° °

Shanghai Urban Management and Law Enforcement Bureau [ °

Shanghai Municipal Bureau of Housing Administration [ °

Shanghai Municipal Bureau of Data ° °

* Note: CA, competent authority of UUS management; P, planning; C, construction; O, operation.

(2) Flexibly adjusted competent authorities based on to urban development demands

Shanghai's UUS management mechanism was not constructed overnight. The mechanism evolution was
highly related to UUS development demands, ensuring that the management could continuously meet the
requirements of urban development. Before 2006, UUS development management was characterized by a parallel
management mode, in which each department performed its own duties independently. During this period, UUS
was mainly composed of civil air defense projects (managed by the SMBCA) with few comprehensive functions,
making the traditional mode still effective (Qiao & Peng, 2016). From 2002 to 2006, Shanghai's urbanization rate
jumped from 76,4% to 85,8%, with an average annual population increase of 3,3%. Urban space resources were
in short supply. Meanwhile, to host the 2010 World Expo, a series of urban renewal and new city construction
projects were conducted. UUS scale increased rapidly and the demand for comprehensive UUS development in
the core areas gradually emerged. Then the parallel mode was no longer capable of coping with the increasing
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complexity and interconnectivity of UUS development. Due to the inertia of traditional UUS cognition and the
established jurisdiction of government departments, the SMBCA was appointed as the competent authority for
UUS utilization in 2006. Over the following eight years, UUS functions became increasingly comprehensive and
the proportion of civil air defense space gradually decreased. Limited by its departmental functions, the SMBCA
was no longer suitable as the chief authority. Since spatial planning has become the primary link in land transfer
and development and the city was still in the stage of rapid urbanization. 'Planning-led' has become a common
consensus for UUS utilization and protection. Then the UUS management system led by the SMBPNR was
ultimately established in 2014.

3.3.  Planning system

Construction of a comprehensive planning system is fundamental to regulating sustainable utilization of UUS
resources (Yuan et al., 2019; Zhang et al., 2022). After multiple changes, Figure 5 reveals the current UUS
planning system. It comprised two planning levels, correlating with the top-down territorial space planning system
of Shanghai (Zhao & Yuan, 2024). The master level of UUS planning focused on the protection of UUS resources
and control of space utilization. In contrast, the detailed level was oriented towards land development, emphasizing
the functional positioning, space layout of different underground facilities and UUS interconnectivity requirements.
It served as the basis for planning management and land leasing of UUS development.

Territorial space planning system UUS planning system
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Figure 5. Current UUS planning system and territorial space planning system in Shanghai

(1) UUS planning empowering statutory planning effectiveness

Unlike Helsinki's Underground Master Plan (Véhaaho, 2016), UUS master plans and detailed plans were
merely special plans with no statutory planning effectiveness according to the Urban and Rural Planning Law in
China. Previous studies also indicated that UUS planning failed to regulate UUS utilization due to the lack of legal
force (Peng et al., 2019). To address the problem within the existing national legal framework, UUS plans have
been consistently integrated into statutory planning systems for aboveground space in Shanghai. At the master
level, planning requirements for UUS were incorporated as specific chapters into the Shanghai Master Plan (1999-
2020) and the Shanghai Master Plan (2017-2035). Although the two UUS master plans were separately compiled
in 2005 and 2020 under the guidance of the two urban master plans, SPCUSS (Article 9) required that the planning
outcomes should be integrated into the urban master plan, thereby empowering them the statutory planning
effectiveness. At the detailed level, traditional urban detailed plans only involved Regulatory Universal Plans
(RUPs) to propose basic requirements such as land use, floor area ratios and density before 2010. An innovative
approach was adopted to incorporate the separately compiled UUS detailed plans into traditional detailed plans in
the form of Regulatory Additional Plans (RAPs) during the planning compilation of Honggiao Central Business
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District (CBD) in 2010 as shown in Figure 6. This effectively imposed the statutory planning effectiveness on
UUS detailed plans to standard land development by private sectors (Shanghai Planning and Land Resources
Management Bureau et al., 2020; Peng et al., 2020). This approach was retained and normalized as a planning
technical requirement in the Shanghai Technical Guidelines for Control Detailed Planning (STGCDP) in 2011:
Regardless of whether a separate UUS detailed plan is compiled, it is mandatory to compile RAPs with UUS
planning indicators (e.g., construction area of UUS, depth and floors, main functions, UUS scale, connecting
passages and sunken plazas) for detailed plans of public activity centers, historical and cultural districts, important
waterfront areas, scenic areas and transportation hub areas (Shanghai Planning and Land Resources
Management Bureau et al., 2020).
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Figure 6. Planning and current development layout for UUS in Shanghai Honggiao CBD (Data source: Peng et al., 2020)

(2) Government-dominated and market-driven UUS development mode

Based on public land ownership, detailed plans served as the basis for public sectors to regulate land
development. According to the data from SMCHURD (Shanghai Municipal Commission of Housing and
Urban-Rural Development, 2023), 85,8% of UUS consisted of building basements, which were essentially
constructed through land development driven by private sectors. Relying on the UUS planning system with
statutory planning effectiveness, municipal departments could exercise macroscopical control over state-owned
three-dimensional land resources, obtaining revenue from land leasing to serve for other public service and
ensuring public interests. Meanwhile, private sectors flexibly engaged in land development within the
requirements of the detailed plans to achieve excess profits. Ultimately, this government-dominated and market-
driven UUS development mode enabled a win-win situation for the government, the public and developers.

4. CHALLENGES OF UUS MANAGEMENT

Currently, urbanization development stages in Shanghai have shifted from rapid urban expansion to urban
renewal. Although the well-developed legal system, management mechanisms and planning system have
supported the rapid construction of UUS over the past 25 years, several challenges still remain.

4.1. Incomplete local comprehensive statute of SPCUSS

The SPCUSS is regarded as the local comprehensive statute with the highest legal force for UUS utilization
in Shanghai. It has undergone two revisions in 2018 and 2020 after its initial release in 2013. However, the current
SPCUSS only covers the management and penalty provisions of UUS planning, construction, land use and
property rights, lacking provisions for UUS usage and operation. Relevant management requirements are scattered
across various specialized management statutes or government regulations. Compared with other 68 Chinese cities
that have already issued their local comprehensive statutes, only 10 cities do not include provisions for UUS usage
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management. As Shanghai has entered a new urbanization stage of urban renewal, safety use and sustainable
operation of existing UUS become more and more important to public administration of the government. With the
accumulation of management experiences over the past 12 years, it is high time to supplement the corresponding
provisions so as to make the SPCUSS a truly comprehensive local statute covering the entire process of UUS
utilization.

4.2. Lack of attractive and implementable incentive policies for UUS development

Incentive policies for UUS development in Shanghai include floor area ratio (FAR) bonuses and reductions
in grant fees of UUS land use rights targeting the construction of underground public facilities or public space as
tabulated in Table 2. However, these provisions are scattered across different government documents compiled at
various times, without a clear definition of the UUS eligible for the incentives. Furthermore, attractiveness of the
incentive policies is not as high as that of other metropolis. For example, the Provisions on the Grant of
Underground Construction Land Use Rights in Shanghai (2023) did not clearly define the eligible underground
public passages for reductions of grant fees. In contrast, the similar provisions also occurred in the Several
Opinions on Improving the Management of State-owned Land Supply by Several Opinions on Improving the
Management of State-owned Land Supply (2018) issued by the Shenzhen government, by which the eligible
passage should be open to the public for 24 hours per day with the main function of interconnection between two
buildings. Additionally, an additional area bonus of up to 20% of the passage area was offered for commercial
uses, effectively stimulating developers’ enthusiasm. Similarly, the Urban Redevelopment Authority of Singapore
also proposed that the construction of underground public passages could be excluded from FAR calculations,
increase activity-generating use space, and provide cash grants (Urban Redevelopment Authority, 2021).

Table 2. Currently effective incentive policies for UUS development in Shanghai

Types* Incentive policies Contents
Technical Provisions on Urban Planning Management in Provision of open space for the public can be
FB Shanghai (Land Use and Building Management)-Article | rewarded with an area bonus of 1,0 or 1,5 times of
20 (2010) the area in the main city
An increase in building area of up to 15% is
FB Shanghai Technical Guidelines for Control Detailed allowed due to the addition of community public
Planning-Article 13.4 (2016) welfare facilities, public parking space, public

space on the ground or in the buildings
Provisions on Planning Management of Building Area Basements meeting requirements not included in

FB Calculation in Shanghai-Article 5 (2021) floor area ratio calculation

Provision of new public space or public facilities

FB Implementation Details of Land Use for Urban Renewal can be rewarded with an additional commercial

Planning in Shanghai-Article 7 (2022) space area ranging from 0,5 to 2,0 times of the

area

No setting UUS land use rights and exemption the

LE Provisions on the Grant of Underground Construction grant fees for underground public passages and
Land Use Rights in Shanghai-Article 9 (2023) municipal facilities for regional service developed

by planning

* Note: FB, FAR bonuses; LE, exemption for grant fees of UUS land use rights.

4.3. Readjustment of the UUS competent authority and reconstruction of an interdepartmental
coordination platform for UUS utilization

Although the SPCUSS has nominally appointed the planning department as the competent authority for UUS
development, there is no dedicated or explicitly designated sector in the department responsible for this task.
Furthermore, while the management mechanism based on planning-led principles is quite applicable to the stage
of explosive growth of UUS, it may be less suitable for the urban renewal phase. In this stage, it is more important
for high-quality usage management of existing UUS to promote higher efficiency of UUS utilization. Therefore,
the department in charge of urban construction and operation management may be more appropriate to be
appointed as the UUS competent authority.

On the other hand, the main scope of the UMJCS has been restricted to UUS safety management since 2014,
operated by the SMCHURD. It implies that Shanghai has no longer an interdepartmental coordination and
management mechanism for UUS development since 2014. In terms of UUS statistical data, both the planning and
construction authorities have established databases within their respective jurisdictions. However, there is a lack
of data-sharing mechanism between them and exists an extremely large difference in data volume. Moreover,
issues related to the reuse of idle UUS may involve different government departments with ownership change
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approval, commercial operation approval, fire safety approval and other administrative management procedures.
The absence of an interdepartmental coordination platform makes it difficult to establish a systematic mechanism
to promote the high efficiency utilization of existing underground facilities. A new interdepartmental coordination
platform is still necessary for UUS utilization during the urban renewal stage. Moreover, even the initially
established UMJCS in 2006 still lacked some UUS-related public sectors and state-owned companies (e.g.,
underground pipeline companies), which should be incorporated in the construction of the new platform.

4.4. No specific management mechanisms for UUS utilization during urban renewal

UUS utilization during urban renewal encompasses both the renovation of existing UUS and newly-built
UUS in existing built-up areas (Cui et al., 2021). For the renovation of existing UUS, the Provisions on the Grant
of Underground Construction Land Use Rights in Shanghai (2023) proposed that grant fees of UUS land use rights
should be determined based on the actual UUS functions and scale. The provisions also regulated the procedures
for ownership registration of both existing and newly-added UUS. However, they fail to address the problems of
the changes in ownership due to the adjustments of inner space functions in the ownership registered UUS,
especially when commercial space is repurposed for public functions. There are no clear procedures or
mechanisms for refunding UUS land use rights and their grant fees in such situations. Moreover, no policies have
been introduced for the reuse of idle UUS. In contrast, Beijing has established an interdepartmental coordination
mechanism to promote this issue, as stipulated in the Guiding Opinions on Using Underground Space to
Supplement and Improve Convenient Commercial Service Facilities (2018).

On the other hand, to increase space resources for allocation of parking facilities and other public facilities,
additional basements are newly built under existing surface buildings, especially in historical and cultural districts
and old residential areas. However, so far there has been no systematic management system and regulatory
standard to regulate such UUS construction. Additionally, since the promulgation of the Property Law in 2007,
land use rights have been extended to three-dimensional space (Zhang et al., 2017). The Provisions on the Grant
of Underground Construction Land Use Rights in Shanghai (2023) also proposed an explicit vertical range of UUS
land use rights, defining it as the outer periphery of the underground buildings and structures as shown in Figure
7. It is quite different from the definitions in Singapore, Helsinki and Tokyo, which are all based on surface land
ownership boundaries (VVahaaho, 2016; Zhou & Zhao, 2016; Zaini et al., 2017). Therefore, the remaining
underground space within the land use scope that has not established UUS land use rights can theoretically still be
granted. Nevertheless, the current policies have not proposed the principles and requirements that should be
followed. Moreover, the potential demands for such UUS also pose challenges to the traditional two-dimensional
cadastral management system, calling for the establishment of three-dimensional cadaster systems (Qiao & Peng,
2023).

Surface land use rights boundary

Surface land owﬂership boundary Surface land owEership boundary Surface land ownership boundary

Surface projection scope of UUS
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Figure 7. Comparison of UUS land use rights or ownership boundaries in Shanghai, Singapore, Helsinki and Tokyo
4.5.  Absence of unit level UUS planning

Shanghai's two-level UUS planning system creates a disconnection between the planning requirements at the
master level and detailed level. On one hand, some of the UUS requirements at master level plans are not
implementable (Wu & Zhao, 2021). For example, the Shanghai Master Plan (2017-2035) proposed that the
underground proportion of newly built rail transit and municipal facilities (including substations, drainage pump
stations and waste transfer stations) in the main city and five new towns should reach 100% by 2035. However,
due to the lack of unit level plans to refine the specific areas and feasibility conditions for implementation of the
requirement, this requirement is often neglected during the compilation of detailed plans. Meanwhile, the absence
of unit level UUS planning also violates Article 9 of the SPCUSS. On the other hand, UUS planning requirements
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at master levels do not provide detailed regulations on UUS connectivity, UUS development in public lands and
layout of underground public facilities, which are the most important planning contents in RAPS at detailed levels.
Due to the absence of unit level UUS planning, except for the five new towns (as they are regulated by Shanghai
New Town Planning and Implementation Guideline issued in 2021), there is no explicit planning basis for UUS
development while compiling detailed plans in Shanghai. Furthermore, in urban areas outside the five key areas
specified in the STGCDP, RAPs with UUS development regulations are not mandatorily required, implying a lack
of effectively government control over UUS utilization in these areas.

5. CONCLUSION

Shanghai is a representative city of UUS utilization in China, not only due to its large development scale and
diverse functions but also because of its systematic management framework. This paper reviewed the evolution of
Shanghai's UUS legal system, management mechanisms and planning system over the past 30 years. Considering
the current urban renewal demands in Shanghai, this paper also identified the challenges faced by the existing
UUS management systems. The findings can provide insights for optimization of UUS management systems in
other Chinese cities and establishment of a top-down management system at the national level. The main
contributions of this study can be summarized as follows.

(1) The successful legislative pathway of 'Specialized first, Comprehensive later' and 'Policies first, Statutes
later' has shaped the '1+N+N' legal system for UUS management in Shanghai. Various government regulations
and policies have achieved effective control over all UUS fields (including underground structures and unused
space resources) and the entire process of UUS development. However, as the foundation and core of the regulatory
system, the SPCUSS has not yet involved provisions for UUS usage management, failing to become a truly
comprehensive local statute. Moreover, the incentive policies for UUS development lack sufficient attractiveness
and feasibility, making it difficult to motivate private sectors to actively engage in UUS development.

(2) The case study in Shanghai indicates that clarifying municipal and district-level competent authorities for
UUS utilization is key to addressing comprehensive UUS development issues. Flexibly adjusting competent
authorities in response to urban development demands can effectively improve governance efficiency of public
sectors. However, the current planning department-led management system is insufficient to meet UUS utilization
demands under the context of urban renewal. The government function adjustment in 2014 also led to the
disappearance of the interdepartmental coordination platform for the entire process of UUS utilization.
Additionally, the current system still lacks mature management mechanisms for UUS land use rights grant, reuse
of idle UUS and three-dimensional cadastral management systems during urban renewal.

(3) Shanghai has established a two-level UUS planning system integrated with the territorial space planning
system. By legislation and establishing RAPs, statutory planning effectiveness has been granted to UUS plans at
all levels. A government-dominated and market-driven UUS development mode has been constructed to achieve
a win-win situation among the government, the public and private sectors in land development. However, the
current system lacks unit level plans of UUS, making it difficult to implement the planning requirements of master
level plans. Simultaneously, the compilation of UUS detailed plans also lacks a basis of upper level planning.
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UNDERGROUND NETWORK IN TOKYO TORCH PROJECT

Hayato Tsubota, Mokichi Kuribayashi, Hiroshi Ueda, and Hiromi Ban

Abstract: TOKYO TORCH Project (Tokiwa-bashi Project) is a large-scale mixed-use redevelopment project located in front

of Tokyo station, where more than one million people use the station each day. As the first phase of the project, two buildings
were constructed and operational in 2021 and 2022. Currently, a 390-meter skyscraper, which will be the tallest building in
Japan when completed, is under construction. A large-scale underground pedestrian network linking Tokyo station, subway
stations, and many buildings is already in place around Tokyo station. The underground space to be developed in the project
will complete an underground pedestrian network with a total length of approximately 15 km, which is unparalleled globally.
This paper introduces our efforts to create a bustling underground network where everyone can enjoy moving around.

Keywords: Studying session, First basement level network, 15km underground network

1. INTRODUCTION

Mitsubishi Estate Group is promoting urban development in Otemachi, Marunouchi, and Yurakucho areas,
where people and businesses gather and interact to generate innovative value. By viewing the entire area as a
platform, the group aims to create a town where people want to work, have offices, and visit, by offering initiatives
throughout the area that would be difficult for individual tenants to realize on their own.

This paper introduces the TOKYO TORCH Project (hereinafter referred to as "TTP"), the latest project of the
group, from the perspective of how the underground space should be utilized.

2. OUTLINEOFTTP

TTP is a large-scale urban development project located in front of Tokyo station, where more than 1 million
passengers get on and off every day. The main uses of TTP include offices, stores, a hotel, a hall, an observation
deck, rental housing, an electrical substation, a sewage pumping station, and a parking lot, with a total floor area
of approximately 740,000 m2. (Fig. 1).

The TTP site is located in front of National Route 1, which lies between the site and Tokyo station, and is
connected to Otemachi station (Fig. 2). Otemachi station, with approximately 240,000 passengers in 2021, has
many subway lines including Tozai line, Marunouchi line, Chiyoda line, Hanzomon line, and Mita line. In the
planning process of TTP, connecting TTP with Tokyo station and Otemachi station was recognized as a critical
priority for creating a comfortable and bustling underground pedestrian network.
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Figure 1. Perspective view of TTP
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3. STUDYING SESSION ON UTILIZING UNDERGROUND SPACE
3.1. Background of the Studying Session

In TTP project, reducing the impact of automobile and pedestrian traffic on Tokyo station, Otemachi station,
and surrounding streets was recognized as an important issue from the early stages of the project. One of the key
issues was how to utilize the underground space of National Route 1 to solve this problem. Based on the awareness
of the issue, a study session was held in 2013, during the initial phase of the project, to discuss how to utilize the
underground space of National Route 1 adjacent to TTP site and Tokyo station from a transportation perspective.
The session aimed to enhance pedestrian circulation from Tokyo station to the surrounding area and to strengthen
the linkage and liveliness of the surrounding area. The session was chaired by Professor Masaharu Oosawa,
including members from both the public and private sectors such as Ministry of Land, Infrastructure, Transport
and Tourism; Tokyo Metropolitan Government; Chiyoda Ward; Chuo Ward; East Japan Railway Company;
Tokyo Metro; The Council for Area Development and Management of Otemachi, Marunouchi, and Yurakucho;
and representatives from TTP landowners. There was a strong sense of urgency among the members that missing
the development timing of TTP would result in losing the best opportunity to utilize the underground space of
National Route 1.

3.2.  Strategy of Underground Space Utilization

The underground space of National Route 1 was planned as an underpass road for vehicles in the 1960s, and
the structure was constructed in advance in some sections. At that time, the amount of automobile traffic in Japan
was expected to increase continuously, and the main purpose was to mitigate congestion caused by the increase in
vehicular traffic. The study session examined whether the underground space of National Route 1 should be used
for automobiles, as originally envisioned, or for pedestrians. As a result, the session concluded that the increase in
pedestrian traffic caused by TTP and the surrounding development would have a higher traffic impact than
vehicular traffic. The final strategy was to construct a pedestrian-only underpass (Fig. 3).
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3.3. Basement Level of Underground Passages

When studying the network of underground passageways, it is important to consider not only the horizontal
but also the vertical flow lines. In the next step of the study session, a discussion was held on the depth at which
the underground passageways should be developed. The alternatives were to connect at the second basement level
or at the first basement level. A survey of the surrounding underground structures revealed that connecting at the
second basement level was difficult due to the presence of highway structures, railroad equipment rooms, parking
lots, and other structures at the level. As for the first basement level, infrastructure pipes such as sewage pipes,
water pipes, gas pipes, and communication pipes are often buried at the depth of the level, and in many cases, the
possibility of relocating these buried objects is critical. Thanks to the underpass plan developed in 1960s, there
were few buried objects at the first basement level. In addition, by selecting the first basement level for the
pedestrian passageway, the session confirmed the following benefits: strengthening the connection with the first
basement level network formed around Tokyo Station, creating a bustling atmosphere in cooperation with the
commercial facilities located on the first basement level of the building, and easing traffic congestion on the ground
level by promptly guiding pedestrians on the ground level to the first basement level. Thus, the policy of forming
a network at the first basement level was settled.

There were some legal restrictions on the use of underground passageways at the first basement level. In Japan,
the law requires that the distance between the top of an underground passageway and the road surface (hereinafter
referred to as "earth coverage™) exceed 3.5 meters. Under unavoidable circumstances, the restriction was to be
loosened to 2.5 meters. However, if the underground passageway is at the first basement level, the minimum earth
coverage is around 1.6 meters, which does not satisfy the restriction. Through the study sessions, both the public
and private sectors recognized the high public benefit of this passageways. This led to a revision of the law in
2022, allowing a lower earth coverage than 2.5 meters provided the circumstances are unavoidable.

4. FUTURE OF THE UNDERGROUND NETWORK

The underground passage network proposed in the study session is divided into four areas: west side, center,
east side, and under the intersection (Fig. 4). The west and east areas were proposed to be located on the first and
second basement levels, the central area on the second basement level, and the area under the intersection on the
first basement level, creating a seamless network connecting TTP to the train station. Based on the study session's
proposal, the team conducted quantitative analysis to study the width and ceiling height of the corridors, which
greatly affect pedestrian safety and comfort.

The current status of TTP is as follows: the east side area was completed in 2022, the west side and center area
are under construction for completion in 2028, and the area below the intersection is to begin construction in 2025.
When all these areas are completed, Nihonbashi Station on Tozai line will be connected to Otemachi, Marunouchi,
and Yurakucho area via underground passage, forming a vast 15-kilometer underground network around Tokyo
Station (Fig. 5).
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5. SUMMARY

By utilizing underground space for pedestrians, an attractive pedestrian network can be formed, ensuring safety
through the separation of pedestrians and cars, comfort regardless of weather conditions, and liveliness ensured
by the integration of underground commercial facilities. In order to realize such initiatives, it is essential that road
administrators, developers, and railroad operators work together to develop underground facilities for roads,
private land, and railroads in an integrated manner.

Mitsubishi Estate Group will continue to promote urban development that provides new value to the entire area
through the development of attractive underground spaces.
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STRENGTHENING UNDERGROUND SPACE CONNECTIVITY TO ENHANCE THE
EFFICIENCY OF UNDERGROUND SPACE UTILIZATION: A CASE STUDY OF BEIJING
PRACTICES

Chen Qin!

Abstract: In the context of rapid urban development and increasingly scarce land resources, the efficient development
of underground space has become a crucial strategy for enhancing a city’s sustainable development capabilities. In particular,
strengthening underground space connectivity has a significant impact on reducing surface traffic pressure, optimizing urban
spatial layout, and improving the quality of life for citizens. As the capital of China, Beijing’s underground space development
and utilization have formed a large scale. How to strengthen underground space connectivity and enhance the overall utilization
efficiency of underground space is an important issue facing Beijing’s underground space development in the new era. This
paper discusses Beijing’s practical to promote connectivity within underground spaces, focusing on the establishment of an
underground vehicular connectivity system, the facilitation of underground connections between subway stations and
surrounding areas, and the enhancement of systemic connectivity in urban key functional areas. It proposes the necessity of
strengthening underground space connectivity and its role in promoting urban development.

Keywords: Underground Space Connectivity, Utilization Efficiency of Underground Space, Beijing Practices

1. INTRODUCTION

With the rapid urban development, megacities generally face severe challenges such as increasingly scarce
land resources, worsening traffic congestion, and an urgent need to expand public spaces. Against this backdrop,
seeking space underground and pursuing benefits through depth has become a critical pathway to enhance urban
carrying capacity and sustainable development. Meanwhile, based on the growth of demand and the advancement
of science and technology, underground space development has shifted from a single function to comprehensive
and networked. Among them, connectivity has become a key strategy to improve the efficiency of underground
space utilization. Beijing, the capital of China, has formed a large scale of underground space with decades of
rapid urban construction. In the new development phase, how to strengthen underground space connectivity and
create integrated aboveground-underground urban spaces has become an important issue for the city’s
development. This paper focus on Beijing’s practical exploration in strengthening underground space connectivity.
By analyzing the experiences and challenges of typical cases in planning, design and construction models, it
evaluates the multi-dimensional benefits of underground space connectivity. These findings aim to provide
valuable insights for advancing underground space connectivity in other megacities like Beijing.

2. NECESSITY AND MULTIFACETED BENEFITS

The underground space connectivity is an inevitable requirement for modern urban development at a certain
stage. By establishing an efficient and convenient underground connectivity network, cities can not only
effectively alleviate surface traffic pressure and optimize urban functional layouts, but also significantly improve

! Senior Engineer, Chen Qin, Beijing Municipal Institute of City Planning & Design, Beijing, China, happy_cq@sina.com.
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commuting experiences and quality of life for urban residents, thereby injecting new vitality into urban
development.

The underground space connectivity, far more than simple physical passage linkages; it represents a
multidimensional and systematic conceptual connotation. At the physical level, the underground space
connectivity primarily refers to the direct spatial linkage and convenient transition between different underground
spaces, as well as between underground spaces and above-ground buildings, achieved through various forms such
as underground pedestrian walkways, vehicular tunnels, and underground public spaces. On a deeper level, the
underground space connectivity also have multi-dimensional and systematic core value. Through physical
connectivity, it achieves functional synergy, promoting the complementary and organic integration of different
underground space functions such as commercial, office, cultural, entertainment, and transportation, forming a
multifunctional underground zone and elevating the overall service level.

The benefits and positive impacts of underground space connectivity can be summarized as follows:

2.1. Enhancing Spatial Efficiency

The scattered underground space can be integrated by connectivity. This not only revitalizes existing
underground assets but also provides broader systemic access possibilities for the development of new
underground spaces. As a result, it significantly enhances the comprehensive utilization efficiency of urban land
and spatial resources.

2.2.  Enhancing Urban Resilience

An interconnected underground space network can serve as critical pathways, shelters for evacuation, material
transport, and emergency refuge in urban emergency situations, thereby improving the city’s capacity to respond
to natural disasters and emergencies.
2.3.  Stimulating Economic Vitality

The connectivity can create new economic benefits for underground space. In particular, strengthening the

seamless connection between underground space and the surrounding subway systems can significantly attract
passenger flow, enhance commercial value, and drive regional economic development.

Background: Rapid Urban Development and Increasingly Scarce Land Resources

Megacities Development Needs

Development Of Underground Space, Strengthening Connectivity

Multifaceted Benefits
v v v
Enhancing Spatial Efficiency Enhancing Urban Resilience Stimulating Economic Vitality
Revitalize existing Provide access Serve as emergency Improve the city's Create new economic Enhance commercial
underground assets possibilities for the new functions in urban capacity to respond to benefits for value and drive regional
9 underground spaces emergency situations natural disasters underground space economic development
[ ] J
Case Study of Beijing Practices
Tongzhou Canal Business District The Integrated Construction Around | Underground Pedestrian System in
Underground Ring Tunnel Changying Subway Station | Beijing CBD
Creates an underground vehicular ring Employs TOD model to achieve seamless Constructs an integrated underground
tunnel to achieve efficient organization of integration between the subway system i pedestrian and commercial network through
regional traffic. and surrounding commercial. i progressive planning and retrofitting.

Existing Problems to Slove

Complex property rights division and benefit The participation enthusiasm of capital
distribution mechanisms 0
O Ia
~ U

Figure 1. Technical Framework Diagram

225



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

3. TONGZHOU CANAL BUSINESS DISTRICT UNDERGROUND RING TUNNEL

The Tongzhou Canal Business District is located within the sub-center of Beijing’s Tongzhou District. The
area has a high building density, heavy pedestrian and vehicular traffic, and likely to cause surface traffic
congestion. To improve the ground traffic environment and achieve interconnection among plots, a 1.5-kilometer
underground ring tunnel was constructed approximately 10 meters below the surface, with a width of 14 meters
and a height of 4 meters. This tunnel interconnects all 22 plots within the district. It guides vehicular traffic
underground and leaves the road surface for pedestrians and bicycles to use. This design forms an efficient dual-
layer transportation system, effectively separating fast and slow traffic system.

AR

Figure 2. Schematic Diagram of Tongzhou Canal Business District Underground Ring Tunnel

Figure 3. Interior Scene of Tongzhou Canal Business District Underground Ring Tunnel
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Figure 4. Schematic Cross-section of Tongzhou Canal Business District Underground Ring Tunnel

3.1. Underground ring Tunnel Enhances Regional Vehicular Connectivity and Shared Parking
Resources to Optimize Surface Traffic Conditions.

The tunnel has built 22 entrances and exits, connecting the underground parking lots of surrounding
commercial buildings, office buildings and residential apartments, achieving complete underground connection
within the area and sharing underground parking resources. The tunnel is equipped with traffic monitoring devices,
electronic display screens, and intelligent traffic signals to dynamically optimize traffic flow efficiency in real
time.

3.2.  The B1 Level is Designed as an Integrated Underground Walkway System Enhancing Area
Accessibility.

The tunnel designed a pedestrian level (B1) above the vehicular traffic layer, which is connected to the
surrounding office buildings, commercial complexes and subway stations, and also has commercial spaces. People
can move between subways and different buildings without going to the ground, unaffected by the weather, and
carry out activities such as commuting, dining and social activities. The system establishes a safe, comfortable,
and efficient underground pedestrian circulation network.

4. THE INTEGRATED CONSTRUCTION AROUND CHANGYING SUBWAY STATION

The Changying Station of Beijing Subway Line 6 is located in Chaoyang District, Beijing. The station is close
to the shopping center on the south side. To effectively disperse passenger flow and organic integrate with
surrounding commercial areas, the station adopted an integrated development model during construction. This
design seamlessly connects the station concourse with the underground levels of the commercial complex,
providing a comfortable and convenient shopping experience for subway passengers and shoppers.
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Figure 5. Schematic Diagram of Underground Connectivity Construction Mode at Changying Subway Station
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Figure 6. Rendering of Underground Connectivity at Changying Subway Station

4.1.  Connect the Subway Systems with Commercial Spaces and Utilize the Flow of Traffic to Enhance
the Value of Commercial Spaces.

The integrated design model fully opens the southern space of the subway station concourse, connecting it with
the underground commercial area. At the same time, the underground space of the road is integrated to forma "T"-
shaped structure. The total underground construction area of the integrated development is 7,477 square meters,
including 4,000 square meters of commercial facilities, effectively converting subway passenger flow into
commercial customer flow.
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4.2.  Clarify the Construction Funds and Settlement Methods to Ensure that the Integrated
Construction is Implemented Simultaneously.

In the integrated construction of subway, funding sources is often a significant challenges. The Changying
Station project stipulates that construction funds for the integrated area will be advanced by the subway company
first, and then paid by the property management unit after settlement. This operational model not only solves
construction financing issues, but also provides a strong guarantee for the simultaneous planning, design and
construction of subway facilities, underground passageways, and commercial spaces.

5. UNDERGROUND PEDESTRIAN SYSTEM IN BEIJING CBD

Beijing Central Business District (CBD), located in the central part of Chaoyang District, is a strategically
planned zone that integrates commercial, financial, technological, office, entertainment, and residential functions.
As a pivotal gateway for Beijing’s international engagement and a nationally significant business district. The
CBD is currently the area with the largest development scope, utilization depth and construction scale of
underground space in Beijing. Through the comprehensive underground integration, the underground space serves
as a shared platform, achieving resource sharing in the high-density built environment.

Pedestrian Walkways

Commerce
Parking

Office and Others

Figure 7. Schematic Planning Diagram of Underground Space System at B1 Level in CBD
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5.1.  Developing an Underground Pedestrian System to Establish a Networked Public Space
Framework Below Ground.

The CBD has developed an approximately 10-kilometer underground pedestrian system at the B1 level,
connecting commercial facilities, public spaces, and subway stations. This network links 6 subway stations and 5
bus terminals, covering about 221 hectares in the most densely developed business area with the highest pedestrian
flow of CBD. The pedestrian walkways are lined with commercial, cultural and recreational amenities, creating
comfortable all-weather environments for walking, shopping and entertainment.

5.2. Formulated Master Planning and Coordinated Implementation of Underground Space
Development.

In 2005, the CBD formulated the Underground Plan For Beijing Central Business District, which specified
technical parameters such as connectivity locations, vertical, widths, and heights for both project sites and public
areas. The plan established detailed zoning regulations that effectively guided the specific design and
implementation of each project, and also provided predictive guidance for future development.

6. EXPERIENCE AND SUMMARY

These three cases exemplify the critical role of underground connectivity from different perspectives. Taking
the new district development as an opportunity, Tongzhou Canal Business District creates an underground
vehicular ring tunnel to achieve efficient organization of regional traffic and optimization of above-ground space.
Changying subway station employs a Transit-Oriented Development (TOD) model to achieve seamless integration
between the subway system and surrounding commercial and residential functions, enhancing district vitality and
resident accessibility. As a high-density urban core, Beijing CBD constructs an integrated underground pedestrian
and commercial network through progressive planning and retrofitting, seamlessly linking transportation hubs
with major buildings.

From the three cases, we can also summarize valuable practical experience from Beijing in underground space
connectivity. First, tailored approaches should be adopted based on local conditions and project categories.
Different planning concepts, construction models and technical solutions should be applied to new urban districts,
built-up area redevelopment, and subway stations to enhance the relevance and effectiveness of underground
connectivity. Second, it is essential to strengthen planning guidance and policy support, as scientific top-level
design and consistent policy frameworks form the critical foundation for promoting orderly development of
underground spaces connectivity.

However, Beijing’s current underground space connectivity work still face many challenges. For instance,
cross-parcel and cross-ownership underground connections involve complex property rights division and benefit
distribution mechanisms. Additionally, the high construction costs and long return periods of underground projects
have dampened the participation enthusiasm of social capital. Therefore, subsequent efforts should focus on
improving legal frameworks and establishing long-term mechanisms to promote the connectivity and efficient
utilization of underground spaces.
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REGRESSION ANALYSIS OF THE DEVELOPMENT AREA OF UNDERGROUND SPACE
IN SHANGHAI

LIU De-xint, ZHU Lei%, LIAO Yuan-gin®

Abstract: This article is based on the development history and current status of underground space in Shanghai. Using the
annual development area of underground space in Shanghai as the dependent variable, SPSS analysis methods were employed
to select data from 2016 to 2022. Independent variables such as population density, gross regional domestic product, average
sales price of residential housing, and metro passenger volume were analyzed using linear regression. The main conclusions
indicate that while population density, GRDP, and metro passenger volume jointly influence the development area of urban
underground space, there is basically no interaction between them. However, GRDP and the average sales price of residential
housing can significantly affect the development area of urban underground space.

Keywords: regression analysis; development area of underground Space; Shanghai

1. INTRODUCTION

Underground space is part of land resources, and its development and utilization strategies are related to
urbanization processes, industrial structures, population policies, regional economies, and more. In September
2024, the Ministry of Natural Resources issued the Guiding Opinions on Exploring and Promoting the Rational
Development and Utilization of Urban Underground Space, which mentions the need to "coordinate efforts to
promote the reasonable development and utilization of urban underground space and fully tap into the potential of
underground resources."

For many years, demand forecasting in quantitative methods for the development and use of urban underground
space has been a challenge and focal point in both urban planning and underground space utilization WU Li-xin,
JIANG Yun, LIANG Yue, XU Lei, CHEN Xue-xi, ZHU Wen-jun. (2004). Fundamental Research on Capacity
Assessment of Development and Utilization of Urban Underground Space. Geography and Geo-Information
Science, (04) , 44-47., especially with difficulties in data collection Nikolai Bobylev.(2010).Underground space
in the Alexanderplatz area, Berlin: Research into the quantification of urban underground space use. Tunnelling
and Underground Space Technology incorporating Trenchless Technology Research,25(5),495-507.. Therefore,
analyzing relevant factors to predict the demands and trends in urban underground space development can aid in
accurate planning and provide spatial support for high-quality economic and social development.

As China's economic and financial center, a global first-tier City and an international metropolis, Shanghai
began the utilization of urban underground space resources in the mid-19th century, having gone through three
stages: the germinal stage, a focus on civil defense, and a combination of peace and war considerations. Currently,
it is transitioning from a high-speed development phase to a slower one.

By the end of 2023, there were a total of 43,639 underground projects completed citywide, with a total
construction area reaching 155 million m2, an average development intensity of 24,400 m2 per kmz, and a per capita

! Master of Engineering, Liu Dexin, Shanghai Shentong Rail Transit Research & Consulting Co., Ltd., Email: 1dx58557@163.com

2 Doctor of Engineering, Zhu Lei, Professor of Engineering, Shanghai Shentong Rail Transit Research & Consulting Co., Ltd., Email:
2364661025@qg.com (*Corresponding author)

3 Director of the Investigation Department, Liao Yuan-gin, Registered Surveyor/Master of Surveying and Mapping, Shanghai Institute of
Natural Resources Survey and Utilization, Email: liaoyuanqin@163.com

232


https://doi.org/10.46793/ACUUS2025.1.23.121

19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

scale of 6.23 m2. Since 2017, the annual newly added development scale of Shanghai's underground space has
fluctuated between 4.44 million and 10.24 million m2.

B Total amount of underground space development
- Annual growth rate of underground space development
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Figure 1. Annual Development Volume and Yearly Growth of Shanghai's Underground Space from 2017 to Present

In recent years, Shanghai has faced numerous changes in its urban planning and construction domains:
urbanization development has shifted toward optimizing existing stock, the city has continued to grapple with
severe imbalances in population age structure, macroeconomic growth has slowed down, and fluctuations persisted
in the real estate market. Furthermore, the proportion of underground space used for rail transit has reached 7.8%,
while the overall connectivity rate of underground spaces with surrounding areas stands at 36.7% MA Chen-xiao.
(2023). Evaluation methods of spatial performance and planning optimization of urban underground space in the
context of inventory land redevelopment. [Doctoral dissertation, Tongji University].. In terms of layout demands
for underground space, based on the requirements outlined in the Shanghai Urban Master Plan (2017-2035), the
city aims to further refine its overall underground space framework by leveraging rail transit networks and various
public centers, with a focus on main urban districts, new towns, transfer hubs, and public activity centers ZHANG
De-ying, LIAO Yuan-qin, ZHENG Geng-he. (2025). Analysis of population import status of five new towns in
Shanghai from the spatio-temporal behavior perspective. Shanghai Land & Resources, 46(01):1113-1120..

2. RESEARCH METHODS

By reviewing related literatures HE Lei, DAI Shen-zhi, WANG Dai-xia, et al. (2018). Empirical study on
forecasting the demand for the scale of urban underground space in Shanghai. Urban Planning, 42(03),30-40+58.,
it is concluded that a socioeconomic system generally includes three elements: gross domestic product, population,
and real estate prices. In this analysis, Shanghai serves as the research subject, with the development area of urban
underground space acting as the dependent variable. Factors such as population density, regional gross domestic
product (GRDP), and average sales price of residential commodity housing are considered for selection as
independent variables. Data analysis will identify appropriate independent variables using SPSS software to
perform single-factor and multiple-factor linear regression based on the least squares method. This approach
analyzes the relationships between the dependent variable and each independent variable. The conclusions drawn
from these analyses will be used to predict future demands for urban underground spaces, thereby guiding their
development and utilization.
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2.1. Population density
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Figure 2. Relationship Curve between Shanghai's Population Density and Urban Underground Space Development
Area (1978-2017)
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Figure 3. Relationship Curve between Shanghai's Population Density and Urban Underground Space Development
Area (2016-2023)

Based on the above chart, it is evident that between 1978 and 2017, both the population density of Shanghai
City and the development area of underground spaces were in a phase of rapid growth. Additionally, their growth
trends are quite similar, suggesting there exists a certain influential relationship between them, which is relatively
close to being linearly correlated.
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Between 2016 and 2023, the development of underground spaces in Shanghai also experienced a growth phase.
However, unlike previous periods, the rate of increase was relatively slow. While population density continued to
grow, it showed some fluctuations in certain years, which preliminary analysis suggests may be due to factors like
the pandemic. These anomalies could significantly impact subsequent regression analyses.

2.2.  Regional gross domestic product

In light of the need to conduct a multivariate regression analysis on the development area of Shanghai's urban
underground space and its various influencing factors, measures should be taken to avoid issues of
multicollinearity that could lead to inaccurate results. Therefore, for economic factors, it selects Shanghai’s GRDP
rather than per capita GDP.
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Figure 4. Relationship Curve between Shanghai's GRDP and Urban Underground Space Development Area (1978—
2017)

Based on the above chart, it is evident that from 1978 to 2017, Shanghai's GRDP was also in a phase of rapid

growth, similar to its population density. It can be preliminarily judged that there exists a relationship akin to linear
correlation between the region's gross domestic product and the development area of underground space.
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Figure 5. Relationship Curve between Shanghai's GRDP and Urban Underground Space Development Area (2016—
2023)

Between 2016 and 2023, both the GRDP of Shanghai and the development area of underground spaces
experienced growth phase. However, the trend for the expansion of underground space development gradually
slowed down.

2.3.  Average sales price of residential commodity housing
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Figure 6. Relationship Curve between the Average Sales Price of Residential Commodity Housing in Shanghai and
Urban Underground Space Development Area (1993-2012)

236



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

Based on the above chart, it can be observed that from 1978 to 2012, the average sales price of residential
commodity housing in Shanghai was also in a rapid growth phase. It is preliminarily judged that the average sales
price of residential commodity housing is one of the factors influencing the development area of underground
spaces.
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Figure 7. Relationship Curve between the Average Sales Price of Residential Commodity Housing in Shanghai and
Urban Underground Space Development Area (2016-2022)

From 2016 to 2022, with the exception of a few years that saw slight declines, the overall average sales price
for residential commodity housing in Shanghai remained in a phase of rapid growth.

237



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

2.4. Rail transit passenger volume
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Figure 8. Relationship Curve between Subway Passenger Volume in Shanghai and Urban Underground Space
Development Area (1993-2017)
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Figure 9. Relationship Curve between Subway Passenger Volume in Shanghai and Urban Underground Space
Development Area (2016-2022)

According to the above two pictures, it can be seen that from 1993 to 2017, passenger volume of Shanghai's
rail transit also experienced rapid growth. Similarly, passenger volume of rail transit should be considered as one
of the factors influencing the development area of underground spaces.

Between 2016 and 2022, the passenger volume of Shanghai's rail transit system exhibited trends similar to
those of population density. During certain years, there was noticeable volatility, with an overall decline observed.
This volatility primarily occurred between 2019 and 2022, suggesting that factors such as the pandemic likely
played a significant role in these fluctuations.
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2.5.  Operating mileage of rail transit
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Figure 10. Relationship Curve between Operating mileage of rail transit in Shanghai and Urban Underground Space
Development Area (1993-2012)
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Figure 11. Relationship Curve between Operating mileage of rail transit in Shanghai and Urban Underground Space
Development Area (2016-2023)
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Figure 13. Relationship Curve between Daily Average Subway Ridership in Shanghai and Urban Underground Space
Development Area (2016-2023)

After analysis, it is determined that there is a significant correlation between the total length of Shanghai's

subway lines, average daily subway ridership, and overall railway passenger volume. Therefore, one variable was
chosen among them; "railway passenger volume" was selected due to its broader scope and encompassing nature

240



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

as an independent variable. Meanwhile, "subway line mileage" and "average daily subway ridership" are used for
auxiliary analysis and supplementary explanation.

Based on the data analysis results, it is found that there exists a certain correlation between these independent
variables and the scale of urban underground space development. Consequently, four independent variables were
preliminarily selected: population density, GRDP, average sales price of residential commodity housing, and
railway passenger volume. The sample data range from 2016 to 2022 for linear regression analysis.

3. RESEARCH RESULTS
3.1.  Single factor regression

Firstly, the population density, GRDP, rail transit passenger volume and the average sales price of residential
commodity housing are analyzed by single factor regression analysis with urban underground space development

area, according to the results, the degree of influence is analyzed, and the significant factors are combined with
the development area of urban underground space for multi-factor analysis.

Table 1. Summary of Single Factor Regression Analysis Results

Influence factor Significance | Coefficient Constant Linear relationship
Population 0.131 | 655815.246 | -2442075035 | y=655815246x, — 2442075035
Density (x1)
GRDP (x2) <0.001 2717.238 18142557.27 y =2717.238x, +18142557.27
Rail Transit Passenger | 105 178423 | 1798894357 | Yy =-178.423x,+179889435 .7
Volume (xs)
Average Sales Price of
Residential Commodity <0.001 2000.216 53612237.42 y =2000.216x, +53612237.42

Housing (X4)

The table shows that while population density and railway passenger volume have some impact on the
development area of urban underground spaces, this influence is not significant. In contrast, GRDP and the average
sales price of residential commaodity housing significantly affect the development area of urban underground
spaces.

3.2.  Multiple factor regression
The analysis was conducted using four independent variables: population density, GRDP, railway passenger

volume, and the average sales price of residential commodity housing. The model summary is shown in the table
below.

Table 2. Multiple Regression Analysis Model Summary

Overview Adjusted R? Durbin-Watson value

Variable : Population Density, GRDP. Rail Transit
Passenger Volume, Average Sales Price of

Residential Commodity Housing 0.981 2491
Dependent variable : Urban Underground Space

Development Area

According to the table, 98.1% of the variation in urban underground space development area can be explained
by the combined influence of population density, GRDP, railway passenger volume, and the average sales price
of residential commodity housing. Additionally, the Durbin-Watson statistic is around 2, indicating that the
samples for these four independent variables are mutually independent and there is no mutual influence among
them.
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Table 3. Summary of Multiple Regression Analysis Results

Influence factor Significance Coefficient VIF
Population Density (x1) 0.623 -61184.526 3.194
GRDP (x2) 0.275 1108.445 21.619
Rail Transit Passenger 0363 -34.548 3727
Volume (xs)
Average Salgs Price qf Residential 0.228 1156.133 34171
Commodity Housing (X4)
Constant 290641379.2

From the analysis results, it is evident that the VIF values for GRDP and average residential commodity
housing sales prices are excessively large. This suggests a mutual influence between GRDP and the average
residential commaodity housing sales price. Consequently, only one variable should be retained. Here, we choose
to retain the GRDP and eliminate the average residential commodity housing sales price before conducting the
regression analysis again. The results are as follows:

Table 4. Summary of Multiple Regression Analysis Results

Influence factor Significance Coefficient VIF
Population Density (x1) 0.819 29528.021 2.406
GRDP (x2) 0.008 2295.177 3.089
Rail Transit Passenger 0058 -73.409 1551
Volume (x3)
Constant -56967866.1

After multiple regression calculations, the results indicate that the significance level P-value for GRDP is 0.008
< 0.05, and for rail transit passenger volume, it is 0.058, approaching 0.05, suggesting statistical significance at
this level. We reject the null hypothesis that the regression coefficient is zero, indicating that the model essentially
meets the requirements. Furthermore, all VIF (Variance Inflation Factor) values are below 10, with strict VIF
values being less than 5, confirming there is no issue of multicollinearity. Therefore, the model construction is
sound.

Based on the calculated coefficients for population density (x1), GRDP (Xz), and railway passenger volume (x3),
the linear relationship between these three independent variables and urban underground space development area
can be expressed as:

y = 29528 .021x, + 2295 .177 x, — 73.409 X, — 56967866 .1

4. CONCLUSION

1. Single factor regression analysis shows that population density and rail transit passenger volume have some
impact on the development area of urban underground spaces, but these effects are not statistically significant. In
contrast, GRDP and the average sales price of residential commodity housing significantly influence the
development area.

2. The results of the multiple regression analysis indicate that GRDP and rail transit passenger volume have a
significant impact on the development area of urban underground spaces. In comparison, population density has a
relatively smaller influence. Together, these three factors can explain 98.1% of the variation in the development
area of urban underground spaces, with a small remaining portion possibly influenced by other minor factors.

3. Under certain conditions, based on the linear relationship between the three independent variables and the
development area of urban underground spaces, it is possible to preliminarily predict the demand and
developmental trends for urban underground space. This provides some reference for rationally planning the
development of such spaces.
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INFRASTRUCTURING HERITAGE. NEW PARADIGMS FOR SUBWAY STATIONS IN
THE ARCHAEOLOGICAL CENTER OF ROME

Filippo Lambertucci®

Abstract: With the design of the San Giovanni station in a museological and archaeological key, a new design paradigm has
been defined for the new stations of Line C, currently under construction in Rome.

After a long and consolidated accustom to considering the confrontation between infrastructural modernization and the
protection of historical and archaeological heritage as a battle, the stratification of the city of Rome is finally recognized as a
value to be integrated into the design of the infrastructure. As of 2018, after the success of the San Giovanni station, other
important stations are being built at exceptional archaeological sites, in the historic center, such as under the Colosseum itself,
or even in areas marginal to it, such as the Amba Aradam station, where the unexpected discovery of an entire building from
the imperial age has led to the construction of a literal underground museum.

The paper aims to analyze the methodological characteristics, the artistic resources involved and the design solutions adopted
in relation to both the construction aspects and the urban insertion and integration; the new stations are designed to take on a
central role in the appreciation and understanding of the historical stratification and the surrounding urban space, bringing the
simple traveler, through an involuntary museum, to an aesthetic and cultural experience in the very same moment of his journey.

The aim is to demonstrate how the design synergy between archaeology, architecture and engineering can constitute a unique
resource for urban contexts rich in history, and how the recognition of this potential in the planning phase can lead to significant
results in terms of overall urban quality, as in the case of the future VVenezia station, in the very center of the touristic and
administrative heart of Rome, which will be able to involve numerous adjacent archaeological and cultural sites in a large urban
node.

Keywords: Underground space design; Archaeology; Mobility; Involuntary museum; Interior Architecture;

1. INTRODUCTION

Rome is unique in the modern world for the sheer volume and density of archaeological remains that lie beneath
its streets. The city’s layers of history present both a challenge and an opportunity for modern infrastructure
development, especially transportation. Among the most ambitious and complex projects in this domain is the
construction of Line C of the Rome Metro. Unlike most cities, where subway tunnels can be bored with relative
ease, any underground work in central Rome quickly becomes an archaeological expedition. Line C represents a
monumental effort not only in engineering but in heritage preservation and public archaeology.

As Line C traverses some of the most archaeologically sensitive areas of the city, from San Giovanni to
Venezia, it has become as much a cultural project as a transportation one. The stations along this route—San
Giovanni, Porta Metronia, Colosseo/Fori Imperiali, and Venezia—are becoming exemplary for their integration
of archaeological discoveries into their design. These stations are not just transit hubs; they are museum-like spaces
that invite commuters to experience the city’s past in a deeply immersive way. This paper explores the intricate
relationship between underground transportation and archaeology in Rome, examining how these new metro
stations serve as innovative examples of urban archaeology, public education, and the dialogue between ancient
heritage and contemporary life.

1 PhD, Lambertucci Filippo, architect, associate professor and head of Re_Lab at DIAP — Dipartimento di Architettura e Progetto, Sapienza
Universita di Roma, via Flaminia 359, 00196 Roma, Italy, filippo.lambertucci@uniromal.it.
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2. THE CHALLENGE OF BUILDING UNDERGROUND IN ROME

Constructing a subway line in any major city is a complex task, but in Rome, the stakes are exceptionally high
due to the city’s historical stratigraphy. Excavations reveal as many as 25 distinct historical layers in certain
locations, ranging from prehistoric settlements to 20th-century constructions. This accumulation poses formidable
obstacles to modern construction projects. Italian heritage law mandates archaeological oversight for any
construction that disturbs the ground, particularly in historically sensitive zones such as the historical centre.
Accordingly, any extension of underground infrastructure must be coordinated with comprehensive archaeological
surveys and preservation efforts, as outlined, among others, by Cecchi[1].

For a long time, the relationship between infrastructure and archaeology was perceived as an irreconcilable
conflict: archaeology was primarily viewed as an obstacle to the regular progress of construction work. Conversely,
infrastructure projects were regarded by heritage protection and conservation authorities as potentially hazardous
and destructive events.

This antagonistic perspective characterized the development of Rome’s first two metro lines. The first, Line B,
completed in the 1950s, and the second, Line A, completed in the 1980s, both reflect this legacy. Archaeology was
not yet seen as an asset, but rather simply as a hindrance, incapable of informing or influencing the design of either
the route or the stations. Construction on Line B began in the late 1930s, during a period marked by enthusiastic
but indiscriminate urban demolitions. The line cuts through the historic centre with extensive open-cut excavations,
passing adjacent to monuments such as the Colosseum and the Arch of Constantine, effectively plowing through
the ground and removing all archaeological remains without distinction, as reported by Perrone [2]. In this context,
the Superintendency was unable to provide proactive guidance, managing only—with great difficulty—to partially
document the results of the excavations, as in Bucci et alii [3].

Some years later, the construction of Line A followed similar principles, demonstrating comparable disregard
for the design potential presented by significant archaeological discoveries, such as those at Termini station or
Piazza della Repubblica [4]. Only a few remnants were isolated and incorporated into the station projects, which
showed little to no concern for acknowledging archaeological traces, let alone valorising them—often relegating
these remains to small, ineffective display cases.
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Figure 1.  The dig for the B Line in the late ‘30’s. In the background, from the left, the Colosseum the Arch of
Constantine and the Palatine Hill

3. METRO LINE C: AHYBRID INFRASTRUCTURE PROJECT

Line C is the third metro line in Rome and aims to connect the eastern suburbs to the Vatican area via the
historical center. The project has faced repeated delays, primarily due to archaeological finds, and the legal and
cultural framework of Italian cultural heritage laws has progressively transformed the Line C construction process
into a hybrid between an infrastructure project and a large-scale archaeological dig.

The archaeological dimension finally assumes a more proactive and design-oriented role, rather than merely
serving as a form of documentation. A method has been developed that encompasses an extensive campaign of
preventive investigations, alongside excavation and site management techniques that simultaneously allow for
accelerated construction timelines while ensuring archaeological documentation and design outcomes that are both
more sensitive and detailed [5]. Notably, as the line, originating from the distant periphery, crosses the Aurelian
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Walls and enters the historic center, the stations are fundamentally excavated using stratigraphic methods aligned
with archaeological best practices.

These excavation processes are complemented by timely surveying techniques, employing advanced three-
dimensional digital recording technologies. At the same time, there is a growing awareness and sensitivity toward
the opportunities that archaeological discoveries can offer. However, it is important to acknowledge that the entire
Line C has been conceived with a coordinated and consistent architectural identity across all stations.

Thus, while sensitivity to archaeology as a discovery grows, there has yet to emerge a fully mature design
approach oriented toward deeper integration with the urban and, more broadly, the public realm. Throughout the
line, stations are engineered to optimize construction efficiency and technical-distributive solutions, leaving
limited flexibility to adapt to unforeseen archaeological findings. Consequently, stations in the historic center
possess predetermined forms driven by requirements largely independent of the historical layering and potential
revealed beneath the city.

As a result, accommodating the increasing public demand for higher-quality spaces attentive to archaeological
heritage necessitates the adoption of contract amendments—variations to previously approved projects. This
inevitably entails increased costs, bureaucratic complexity, and extended timelines, which could be mitigated
through more open and integrated planning processes from the earliest design phases [6].

Nonetheless, Line C inaugurates a new phase that is charting a path toward heightened awareness, initiated
with the San Giovanni station, and is setting new standards for infrastructure interventions within the historic fabric
of the city. Despite the many challenges of an experimental beginning and uncertainties among political and
economic decision-makers, four new stations are redefining the state of the art in the dialectic between protecting
the heritage of the historic city and meeting the technical demands of contemporary urban life.

3.1. San Giovanni: The First “Archaeological Station”

San Giovanni, opened in 2018, is the first station of the Line C within the Aurelian Walls and the first to adopt
the “archaeological station” format. Its design represents a groundbreaking approach -born thanks to a lucky
coincidence- to integrating ancient history with modern infrastructure.

The construction site of the station was initially intended to proceed according to the original plan — namely,
a unified design applicable to the entire length of the metro line. Simultaneously, however, an independent study
conducted by Sapienza University of Rome was theoretically exploring the design potential of a paradigm shift in
the relationship between infrastructure and heritage. It was only thanks to the intervention of the Special
Superintendency for Archaeology, Fine Arts, and Landscape of Rome — the heritage protection authority
responsible for overseeing the construction — that the potential of this research was recognized and the proposed
approach adopted by the general contractor for Line C.

Yet, the central thesis of the research was quite simple, and perhaps even obvious for a city like Rome: to
consider the opportunities arising from the intersection of infrastructure and archaeology. Although new
procedures for preliminary investigations and archaeological excavation methods had already been in place for
some time, adequate design measures in response to archaeological findings had not yet been implemented.

The research thesis, therefore, emerged at a particularly opportune moment to be adopted and tested as an
experimental case. Naturally, by 2013, the structural elements and all technical spaces had already been finalized
and were practically impossible to modify; as such, the proposals had to be limited to interior arrangements alone.
Meanwhile, the excavations uncovered an extraordinary number of artifacts — approximately 40,000 — as well
as several particularly significant discoveries, such as an imperial-era farmhouse. These findings sparked
enthusiasm and interest not only among archaeologists but also within the broader public, providing crucial support
and initiating a shift in cultural perception. This shift challenged the longstanding practice of simply removing
such materials and relegating them to storage in distant, closed warehouses.

Conservation, all too frequently, results in the sequestration and subsequent disappearance of archaeological
finds. Italian museum storage facilities are filled with artworks and artifacts; yet can a heritage that is largely
inaccessible and forgotten truly be considered well-preserved? Is technical and physical preservation alone
sufficient, or does a significant part of cultural value reside in its accessibility and interpretation by a broader
audience beyond specialized scholars?

The interior design project for the San Giovanni station seeks to address these questions by foregrounding
access to information as a foundational principle of meaningful and holistic conservation [7].

The absence of the artifacts themselves undoubtedly complicates the interpretive process; however, it
simultaneously clarifies the importance of the conceptual dimension. In this approach, interpretive frameworks are
developed to render the significance of the archaeological materials intelligible to the public. The exhibition is
constructed as a narrative—one that emerges from the very absence of the removed artifacts. Through this
narrative, the design aims to reconstruct both the historical context and the layered stories to which these objects
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silently attest. Since the excavation has effectively erased the site's physical context, the display becomes the
primary medium through which meaning can be reconstituted and conveyed [8].

“The challenge was therefore to elaborate a museographical concept that instead of competing with the
conditions typical of a normal museum exhibition, [...] must rather deal with the conditions of a real physical
impact with a mass of passengers who must take a train as their first concern [9]”.

So, the station was designed to display a sort of "time tunnel™ concept that immerses passengers in a journey
through history as they descend from street level to the train platforms.

The strategy, therefore, was to emphasize a strong narrative approach—prioritizing the communicative and
educational dimensions of the passenger experience rather than focusing solely on architectural themes. At the
same time, it was essential to remain aware that a metro station is not a museum; it cannot be designed with the
same delicacy and refinement characteristic of exhibition spaces, particularly given that its users have different
priorities, such as receiving accurate information and feeling secure.

These parameters thus prompted the development of a design strategy capable of balancing the needs of both
the commuter and the visitor, thereby contributing to the cultural experience of both regular and occasional city
users.

Figure 2. San Giovanni station, the mezzanine floor with late-imperial roman plumbing and sewage artifacts
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Figure 3. San Giovanni station, the narrating walls with the strata-meter indicating depth and cronology
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San Giovanni station, the entrance hall with the archaeological displays

3.2. Porta Metronia: A Gateway to the Subterranean Past

To be opened in 2025, Porta Metronia station, designed by the roman office ABDR studio, continues the vision
laid out at San Giovanni. Located near the ancient gate of the same name, the station sits at a pivotal point in the
city's archaeological topography.

The excavation works carried out at the Porta Metronia station enabled the analysis of approximately 50,000
cubic meters of archaeological stratigraphy, encompassing a surface area of 3,300 square meters and reaching an
average depth of 15 meters below the current ground level.

Between 2015 and 2018, the archaeological investigations at the Amba Aradam/Ipponio station brought to
light an extensive and remarkably well-preserved architectural complex. Characterized by its formal coherence,
architectural articulation, and exceptional state of conservation, the site is now recognized as one of the most
significant archaeological discoveries in recent Roman history. In response to its cultural value, the Special
Superintendency for Archaeology, Fine Arts, and Landscape of Rome mandated the dismantling, conservation,
and reinstallation in situ of the remains. This directive required a fundamental reconfiguration of the station's
architectural layout, compelling a reconciliation between infrastructural performance and heritage preservation.

The excavated area—measuring approximately 1,750 square meters—revealed a substantial Roman military
compound dating to the 2nd century CE, including more than thirty rooms, many featuring finely preserved
frescoed walls and mosaic pavements, as well as a two-story domestic structure, likely the residence of a
commanding officer, which spatially integrates with the broader barracks system.

These exceptional findings necessitated a comprehensive reconsideration of the spatial and functional
organization of the station's public realm.

In alignment with the Superintendency’s conservation guidelines, the architectural remains will be reassembled
at their original locations and elevations. This approach maintains the spatial legibility of the site, offering an
interpretive framework that supports both experiential immersion and historical understanding.

Rather than merely documenting the archaeological finds and subsequently concealing them, the design team
opted to integrate the remains directly into the spatial configuration of the station, effectively transforming the
transit space into an archaeological exhibition.

Unfortunately, the ambitious vision of creating a unified public circulation system—Iinking the station, the
archaeological display, and the redevelopment of the surface area to restore visibility to the Aurelian Walls—
underwent significant reductions. Most notably, the decision to convert the archaeological zone into a dedicated
museum resulted in the loss of one of the project’s most meaningful attributes: the full spatial and experiential
integration of infrastructure, heritage, and public space within a cohesive urban framework.
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Figure 4.  Porta Metronia station, Left, the discovery of the large barracks, before its removal and repositioning; Right,
impression of the barracks museum, with the lowered pedestrian square on the right.

3.3.  Colosseo/Fori Imperiali: At the Heart of Ancient Rome

The Fori Imperiali station is embedded within an archaeological and urban context of extraordinary value,
which demands from the infrastructure a design coherence commensurate with the significance and quality of its
surroundings.

Although located in an area already subject to extensive urban transformation, the excavations have led to
unexpected and significant discoveries, further enriching the historical interpretation of the site. This underscores,
once again, the strategic role of such infrastructure—not merely as a site of archaeological inquiry, but as a vehicle
for enhancing and understanding an area of exceptional cultural value.

The station is nestled among inestimable and universally iconic vestiges, which alone would warrant a high
architectural standard. However, it is also the site of important new findings—most notably, a system of wells
from various periods and with diverse functions. These wells offer a valuable spatial and chronological cross-
section that virtually intersects the station’s environment.

The design concept seeks to respond directly to the compelling characteristics of the context, particularly the
evocative power of these new discoveries, which contribute a new chapter to the area’s history. The overarching
design strategy defines two complementary and dialectical elements: a background space and a series of eloquent,
precious presences that serve to narrate archaeology:

the cavity of the station is a space of dim light, with a neutral yet materially expressive character, evoking the
density and darkness of the excavated earth;

within this penumbra, the archaeological elements stand out like treasured artifacts at the bottom of a well,
serving as a prelude to the visitor’s encounter with what is arguably the most significant archaeological area in the
world, just above the surface.

Once again, a station is not a museum; it retains characteristics and requirements that necessitate spatial
management focused on safety and the efficient movement of large crowds. For this reason, the archaeological
narrative is articulated through discrete points that enliven and distinguish the sequence of station environments
with their exceptional significance.

The design of the space and the archaeological narrative are two sides of the same coin. Together, they
synthesize spatial qualities and communicative elements to ensure clarity in both functional trajectories and
narrative episodes. Their interaction is designed to offer an integrated, multi-layered experience for a diverse
public.

The spatial composition of the station is defined through three fundamental elements:

- An opaque, "raw" material to form the general backdrop, conceived as a materially dense and virtually
dark enclosure;

- Aluminous, "precious" material to highlight the spaces of archaeological narrative and spatial experience;

- Light, as an immaterial but decisive orchestrator of the overall scenography.

These three components underpin the narrative structure, with historical and archaeological moments
conceived as luminous gems embedded in the dark mass of the underground space. According to this framework,
the different levels of the station are designed not as isolated episodes, but as parts of a continuous sequence shaped
by the travellers’ perceptual experience as they move through the station.

The concourse level, just below the street, is most influenced by its proximity to the monumental landscape,
sharing the ancient elevation of the nearby Temple of Peace. This unusually large space evokes a basilica-like
environment, emphasized in the design through accentuation of the two ends—facing the Imperial Forums and the
Colosseum—where two key exhibit areas are located. At the center, a grand staircase shaft opens—a unique feature
in Roman stations—which, due to its scale and depth, is envisioned as a luminous gem and a spatial element
reminiscent of the architectural order and measured proportions of a Forum: a “Station Forum,” so to speak.
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The mezzanine level is more compact but follows a similar layout: the central area is dominated by stair groups
inhabiting the void of the Station Forum; the two ends are conceived as refined backdrops housing archaeological
exhibits. On one side, reconstructions of the spaces unearthed during excavation are displayed: on the other, an
arrangement of some of the wells discovered in this zone. As elsewhere, the remaining space serves as a neutral
interlude between these events.

Based on a scientific plan developed with the Parco Archeologico del Colosseo, the station spaces are organized
into thematic areas, each with a distinct spatial character tailored to its topic, consistent with station functionality
and service requirements, and capable of narrating and communicating effectively to the public.

The atmospheric staging relies on a highly restricted palette of materials and colours, chosen to express with
maximum clarity the duality inherent in the narrative:

The raw, cavernous underground space is evoked—almost as if hewn from a quarry—through the continuity
of floor and cladding.

The key archaeological and architectural elements are highlighted by golden-finished metal cladding, which
glows in contrast with the background, emphasizing their precious character—not only in terms of content, but
also as navigational markers.

Finally, light assumes a central role in creating an atmospheric dimension that favours penumbra, transforming
what is usually a purely technical space into an unexpected site of cultural experience.

Figure 5.  Colosseo station, the imperial forums interpretation point, a free access area before entering the fare zone

Figure 6.  Colosseo station, archaeological display in a calm corner of the passenger flow at the mezzanine
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Figure 7. Colosseo station, the grand stairway hall, a forum among the imperial forums

3.4. Venezia: The Potential of Archaeological Integration

Venezia station, whose construction began in 2024 and is expected to end in 2032, is located in the middle of
Piazza Venezia, at the nexus of ancient and modern Rome, lying beneath the Altare della Patria and within sight
of Trajan’s Column and the Capitoline Hill.

Preliminary excavations have already revealed an astonishing range of archaeological materials, including
several layers of the ancient Via Lata (now via del Corso) and parts of the Hadrian’s Auditoria and structures
dating to the early Imperial period. Due to the site’s sensitivity and the density of finds, the construction timeline
has been extended repeatedly.

The functional needs mainly arise from the nature of being a traffic junction in the area. Pedestrian and
vehicular flows, as well as underground utilities, are elements that define the project’s configuration.

The ground-level entrances to the station have been designed by CREW office to serve the different areas of
the square and to connect the station with the surroundings, rich of monuments and cultural institutions. Once
users have reached the first underground level of the station through the ground-level access points, they will have
the option to safely access the museum complexes, such as Palazzo Venezia, Hadrian’s Atheneum, the
Archaeological Park of the Fori Imperiali, museum area of the Vittoriano, without dealing with street traffic.

The directive, issued by the Soprintendenza di Roma, to incorporate a dedicated museum level within the
station, profoundly influenced the design of the atrium level, fostering direct spatial and thematic links to the
adjacent museums and archaeological findings and informing the overall aesthetic language of the station’s
interiors, even where such references are primarily expressed through decorative means.

Piazza Venezia represents a highly complex urban node, characterized by persistent challenges in managing
surface traffic that have yet to be resolved. At the same time, it is surrounded by a high concentration of
monumental and archaeological sites, positioning it as a potentially significant pivot for pedestrian connectivity.

To date, the project appears to emphasize the grandeur and technical complexity of the intervention, while
leaving many of its potentialities partially unrealized—particularly regarding the urban integration of heritage
assets, tourist circulation paths, and mobility needs. These aspects seem to constitute the true value that the station
could embody by fully developing and advancing the conceptual model initiated with the San Giovanni project.
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Figure 8.  Venezia station, Left, the atrium level with the links to the surrounding museums and archaeological sites; Right,
construction site in the core of traffic flows of the historic center
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Figure 9.  Venezia station, impression of the atrium floor with archaeological displays

4. NARRATIVE AS A FRAMEWORK FOR THE DISLOCATED MUSEUM

As Laudato points out, "the archaeological heritage, bringing its authority to the Metro, also confers its potential
of cultural significance, in some way enhancing the Metro space as an integral part of the historical narrative
emphasizing the local sense of place"[10].

When works of art are situated within architectural settings, their presence inevitably occupies an ambiguous
space—one defined by the tension between the artwork and the environment that contains it. This ambiguity
becomes particularly significant in the context of heritage and its sites, as it activates more intricate layers of
meaning and interpretation.

The continued and active presence of heritage within its original or intended location evokes notions of
authenticity and a sense of place, both conceptually and experientially. In doing so, according to Merrill, it transfers
to infrastructural spaces certain attributes traditionally associated with the museum—namely, its role as both a
product and producer of socio-cultural meaning and urban identity [11]. At the same time, this process endows
infrastructure with the responsibility of evolving hybridized frameworks that transcend the conventional, distinct
typologies of both the museum and the subway.

A new vision of transit spaces—centred not only on informational but explicitly narrative dimensions—is
beginning to establish new standards for mobility environments. This approach promotes a more mature
understanding of such spaces as public realms, capable of delivering broader and often unexpected experiences
that respond to the evolving expectations of their users. Narration, in this case, is not mere description but
activation of an intangible context through the symbolic domain of language as defined by Knappett [12].

This dimension seems to be appreciated, to the point that the San Giovanni station also has reviews on Trip
Advisor, while among the aspects that most capture travellers® attention is the clear reference to methods of
engagement typical of museum spaces, as Campetella report in his research: “I move quickly and sometimes find
myself among a group of tourists focused on viewing different points of the station. It makes me smile to think of
foreign tourists who, among all the things they can visit in Rome, choose to go down into the metro.” [13]
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So, if we can assume the infrastructure as a materialized consensus, as a product of a complex and continuously
in progress dialogue among not only the carriers of the expert language of technology, planning and politics, but
also among end users, who are not only passive consumers but active agents of a consensus response, we must
recognize the centrality of beauty and significance of the spaces of mobility, as discussed by Smith[14].

It must be recognized in fact that a new way of conceiving the stations was even formalized by the Campania
Region with Resolution N. 637/2006 which defines the guidelines for the design and construction of the regional
metro stations, with which it explicitly sets for new standard stations of pleasantness, comfort of use and safety,
explicitly referring to a need to arouse emotions above all through elements without codified functions [15].

This represents a paradigmatic shift that finally acknowledges the economic value of aesthetic quality,
challenging the reductive notion of technology as the sole determinant of cost-efficiency in public infrastructure
projects. Recent studies have substantiated and quantified the economic impact of design excellence and beauty.
The strategic approach adopted in the design of the new Naples Metro stations has not only fostered virtuous urban
behaviour and catalyzed processes of regeneration but has also generated an autonomous form of cultural and
touristic appeal. These interventions have enhanced public perception of the transit system, expanding both its
usage and its catchment area through an increased sense of value and civic engagement [16].

5. CONCLUSION: TOWARD A NEW PARADIGM OF URBAN ARCHAEOLOGY

The construction of Metro Line C in Rome exemplifies a new paradigm in the intersection of urban
development and cultural heritage. Rather than viewing archaeology as an obstacle to infrastructure, the city has
embraced it as a central element of design and function. The stations at San Giovanni, Porta Metronia,
Colosseo/Fori Imperiali, and the forthcoming Venezia station each illustrate how archaeological discoveries can
be transformed into cultural assets.

This integration has wide-reaching implications—not only for Rome but for other ancient cities grappling with
similar challenges. It demonstrates that with the right investment, interdisciplinary collaboration, and public vision,
it is possible to harmonize modern urban needs with the preservation and celebration of the past.

Moreover, the museum-like qualities of these stations contribute to a broader cultural shift. They help foster a
public appreciation for archaeology and history, making these disciplines part of everyday urban life. As
passengers descend into the depths of Rome, they do not leave the city’s story behind, they descend into it,
becoming part of its ongoing narrative.

In this regard, Marc Augé says that the subway gives the opportunity to brush against the history of others: by
extension we can then say that it offers very concretely also the opportunity to brush against the history of the city
itself [17].

Line C is more than a transportation project; it is a statement about what it means to live in a city where the
ancient and the modern are in constant dialogue.

One could go in a natural way through archaeology by making the banal utilitarian act of taking a train or, on
the contrary, offering the tourist who arrives there an experience of great effect by the immersion in the living
fabric of history that suddenly appears descending from train.

If put in a system, even on modest Rome's underground network, an approach that engages the archaeological
layers and underground and surface spaces of the city around the subway stations, existing and future, could
produce an extraordinary result. Around the stations, and not only the central ones, it is in fact possible to reconnect
a vast and articulated system of historical, archaeological, urban spaces, which can recompose a lost and yet
fundamental dimension in a city like Rome.

The result is an accretive structure similar to a rhizome, and like this, as outlined by Deleuze, impossible to
plan in conventional terms, but essential to be foreseen as an act of reconquering one side of the lost and precious
city [18].

6. ACKNOWLEDGMENTS

The project for the San Giovanni station was born from an independent research program on the relationship
between infrastructure and heritage funded by Sapienza University of Rome and carried out by the Re_Lab team.
The project is the result of intense teamwork that involved architects, engineers, graphic designers, archaeologists
and heads of the Superintendency. Special thanks goes to the architect Sonia Martone, Director of the Palazzo
Venezia Museum.

Museography and interior design: Sapienza, Universita di Roma - Diap Department - Re-Lab, Regeneration
Laboratory

Team leaders: prof. arch. Filippo Lambertucci, prof. arch. Andrea Grimaldi.

253



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

Design team: arch. Livio Carriero, arch. Amanzio Farris, arch. Valerio Ottavino, arch. Samuel Quagliotto, arch.
Leo Viola.

Graphic design: prof. arch. Carlo Martino with Sara Palumbo, Delia Emmulo

General design: Metro C spa, coordinator eng. Eliano Romani

Scientific supervision: Soprintendenza Speciale per il Colosseo e I’Area archeologica centrale di Roma:
Rossella Rea, with Irene Baroni, Anna De Santis, Francesca Montella, Simona Morretta;

Archaeological excavation, display and reconstruction of the archaeological finds: Cooperativa Archeologia,
Anna Giulia Fabiani, Agostina Audino, Anna Giulia Fabiani, Adone Pelly, Savino Sharra, Michele Zaccardo,
Fabiana Moro, Adone Pelly, Laura Rivaroli, Angelica Pujia, Francesca Montozzi

Restoration of the archaeological finds: Istituto Superiore per la Conservazione e il Restauro (wood and organic
finds)

The project for the Fori Imperiali/Colosseo station originated from the success of the San Giovanni station; the
management of the Colosseum Archaeological Park commissioned Filippo Lambertucci and the Sapienza Re_Lab
team for the preliminary design while the General Contractor MetroC commissioned the same subjects for the
executive design. Museography and interior design: Sapienza, Universita di Roma - Diap Department - Re-Lab,
Regeneration Laboratory

Team leaders: prof. arch. Filippo Lambertucci, prof. arch. Andrea Grimaldi,.

Design team: arch. Livio Carriero, arch. Amanzio Farris, arch. Edoardo Marchese, arch. Valerio Ottavino, arch.

Leo Viola. Graphic design: Chiara Raho

General design: Metro C spa, coordinator eng. Eliano Romani

Scientific supervision: Parco Archeologico del Colosseo, Alfonsina Russo director, Elisa Cella, Federica

Rinaldi. Display and reconstruction of the archaeological finds: Cooperativa Archeologia: Anna Giulia Fabiani

7. BIBLIOGRAPHY

[1] Cecchi, R. (Ed.) (2010). Roma archaeologia. Interventi per la tutela e la fruizione del patrimonio archeologico.
Secondo rapporto. Milano, Italy: Mondadori Electa spa.

[2] Perrone, V. (1955). La metropolitana di Roma. Roma, Italy: Istituto Poligrafico dello Stato

[3] Buzzetti, C., Pisani Sartorio, G. (Ed.), (2015). Le scoperte archeologiche sul tracciato della Metropolitana B di
Roma (1939-1953) dall’Archivio Gatti. Roma, Italy: «L’ERMA» di BRETSCHNEIDER

[4] Paris, R. (Ed.) (1996). Antiche stanze: un quartiere di Roma imperiale nella zona di Termini. Milano, Italy: Giorgio
Mondadori.

[5] Egidi R., Filippi F., Martone S. (Ed.) (2010). "Archeologia e infrastrutture. Il tracciato fondamentale della Linea
C della metropolitana di Roma", Bollettino d'Arte, Volume Speciale 2010, Roma, Italy: Ministero per i beni e le
attivita culturali.

[6] Rea, R.(Ed.) 2011. Cantieristica archeologica e opere pubbliche. La linea C della metropolitana di Roma, Milano,
Italy: Mondadori Electa spa.

[7]1 Lambertucci, F., (2019), Archeologia per chi va in metro. La nuova stazione di San Giovanni a Roma.

Con A. Grimaldi, Macerata, Italy: Quodlibet

[8] Lambertucci, F., (2019), Attraversare per rammemorare. L’infrastruttura come museo dislocato. In FESTIVAL
DELL'ARCHITETTURA MAGAZINE pp.26-34. - ISSN:2039-0491 (N.50)

[9] Lambertucci, F., (2018), Archaeology for commuters. The San Giovanni archaeo-station on the new metro Line C in
Rome. In Tunnelling and Underground Space Technology pp.95-105. - ISSN:0886-7798 vol. 78, Elsevier

[10] Laudato M. (2019), Mobilizing cultural resources: The functional role of heritage in metro projects. In: Tunnels and
Underground Cities. Engineering and Innovation Meet Archaeology, Architecture and Art: Proceedings of the WTC
2019 ITA-AITES World Tunnel Congress, Naples, CRC Press/Balkema, Leiden.

[11] Merrill S. (2015), ldentities in transit: the (re)connections and (re)brandings of Berlin's municipal railway
infrastructure after 1989. Journal of Historical Geography, 50, Elsevier, 76-91.

[12] Knappett C. (2005), Thinking Through Material Culture, An Interdisciplinary Perspective, Philadelphia, University
of Pennsylvania Press

[13] Campetella, P. (2018), Viaggiatori e visitatori. Studio preliminare sulla fruizione della stazione San Giovanni della
metropolitana di Roma, in: CADMO, n.2/2018, pp.47-64, Milano: Franco Angeli.

[14] Smith M. L. (2016): Urban infrastructure as materialized consensus, in: World Archaeology, vol 48. Pages: 164-
178

[15] Regione Campania: Linee Guida per la progettazione e realizzazione degli interventi nelle stazioni della
Metropolitana Regionale, Napoli, Italy: Delibera Regionale n. 637/2006

[16] Cascetta E., Carteni, A., Henke I. (2014), Stations quality, aesthetics and attractiveness of rail transport: empirical
evidence and mathematical models (pp. 307-32) in: Ingegneria Ferroviaria 69

[17] Augé, M., (2002). In the Metro. Minneapolis, MN: University of Minnesota Press. Originally published as Un
ethnologue dans le métro, Paris, France: Hachette, 1986.

[18] Deleuze G., Guattari F., (1976), Rhizome. Introduction, Paris, Editions de Minuit.

254



CENTRES FOR THE URBAN UNDERGROUND SPACE
Belgrade, Serbia, November 4-7, 2025.

19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH A ’Q

UUS

BELGRADE

DOI: 10.46793/ACUUS2025.1.25.180
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Abstract: The rapid growth of the global population has intensified the imbalance between urban expansion and
sustainable resource management, including water, materials, energy, air, and space. In response, contemporary
urban planning increasingly explores the integration of underground spaces to enhance sustainability, functionality,
and spatial efficiency. Historically, underground spaces have served military, religious, infrastructural, economic,
and residential purposes, often emerging from necessity rather than systematic planning. Today, their
identification, analysis, and classification are crucial for strategic urban planning, particularly in cities with
significant historical and cultural contexts. This study examines Belgrade’s underground structures, developed
over its urban history, with the aim of inventorying, categorizing, and establishing typologies to inform future
interdisciplinary planning. Notably, Serbia’s legal framework does not recognize underground urbanism,
emphasizing the need for scientific research and policy development in this field. The research methodology
includes direct and indirect observation, institutional and field data analysis, and classification based on four key
criteria: construction material, spatial dimension, current function, and historical origin. The study examines over
160 documented underground structures, excluding those under the jurisdiction of the Ministry of Defense.
Institutional control and restricted access have historically limited documentation efforts, yet public interest in
Belgrade’s underground heritage has grown in recent decades. This research contributes to the development of
scientifically grounded criteria for evaluating and integrating underground spaces into urban sustainability
frameworks. The findings offer insights into the socio-historical significance of these spaces and provide
recommendations for their future use and conservation.

Keywords: Underground Structures of Belgrade, Urban Underground Heritage, Valorization®, Identification and Classification

1. INTRODUCTION

Increasing urbanization and the scarcity of surface resources are increasingly emphasizing the need for strategic
utilization of underground spaces as a spatial-functional asset in contemporary urban development. Confronted
with global challenges such as climate change, overpopulation, and spatial crises regarding infrastructure and
public services, cities are progressively incorporating underground space into urban policies—not merely as a
technical solution, but as an integral component of resilience, circular economy, and cultural identity preservation
[1][2]. Unlike the historical, predominantly reactive development of underground structures—driven by wartime
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conditions, climate extremes, or technical necessities—contemporary trends emphasize proactive and holistic
planning, supported by digital tools such as 3D modeling and geographic information systems (GIS) [3] [4] [5].

At the same time, growing attention is being directed toward historical underground spaces, which often remain
outside the scope of official urban planning documentation despite their cultural, spatial, and social potential. As
Heyns et al. [6] emphasize, underground spaces are not merely physical volumes, but carriers of cultural memory
and symbolic meaning, and should be integrated into future urban scenarios as active resources. In this context,
Belgrade—with its multilayered urban history and over 160 identified underground structures (excluding military
and police facilities)—represents a significant yet underutilized potential. Despite increasing public interest and
the cultural value of these spaces, there is a lack of systematic planning and regulatory support necessary to enable
their functional and cultural reintegration into the modern city [7] [8]. The absence of a legal framework and the
fragmented nature of existing knowledge further complicate decision-making processes related to their protection,
transformation, or adaptive reuse [9] [10].

This paper aims to lay the foundation for a strategic and scientifically grounded understanding of Belgrade’s
underground heritage through (1) a systematic inventory and categorization of subsurface structures; (2) analysis
of key parameters such as material, dimensions, function, and historical origin; (3) development of guidelines for
interdisciplinary planning and integration into urban policies; and (4) recommendations for preservation and future
use in accordance with principles of sustainable development and cultural valorization. Drawing from global best
practices and contemporary theoretical approaches, the study highlights the importance of underground heritage
as an active urban asset and a catalyst for new models of planning and cultural governance.

Documenting Subsurface Structures: Between Historical Legacy and Contemporary Planning

Subsurface structures have a long and diverse history dating back thousands of years, serving as shelters, water
reservoirs, religious sanctuaries, infrastructure conduits, and defense systems. From the tunnels of Petra and the
Eupalinian aqueduct on Samos, to the Roman catacombs and the underground cities of Cappadocia, these spaces
attest to the capacity of ancient societies to respond to spatial, climatic, and security challenges with a high degree
of technical sophistication [11] [12] [13] [14]. These historical underground forms are not merely remnants of the
past—they embody collective memory, technological innovation, and spatial survival strategies. Contemporary
authors such as Varriale [10] and Sandford [15] emphasize that underground heritage must be viewed as a dynamic
resource, not a passive relic. As Sandford notes, “heritage is not what we inherit, but what we choose to carry into
the future.” Documenting underground spaces, therefore, is not only an academic imperative—it is a strategic step
toward planning more sustainable cities. At the same time, Heyns et al. [6] warn that subsurface planning must
also account for intangible dimensions—collective memory, local narratives, and cultural significance. This is
particularly relevant in historically layered cities, where ignoring symbolic meanings can lead to spatial injustice.
Belgrade is a prime example, with its multi-layered urban development comprising Roman corridors, medieval
lagums (subterranean cellars), and modern underground infrastructures. More than 160 documented structures
(excluding military and police-controlled underground facilities) testify to an informal yet functional development
of the subsurface—most often as a response to war, climate stress, or infrastructural needs. Despite growing public
interest, institutional barriers and the legal invisibility of underground space in Serbia continue to hinder its
systemic valorization and integration.

The study by Qiao et al. [16] highlights the spatial dilemma facing historic cities: the tension between preserving
cultural heritage and accommodating the demands of contemporary urban development. They propose
underground solutions as a viable compromise—allowing the physical separation of new functions from heritage
assets, but only under conditions of meticulous planning that considers the depth of intervention, cultural
appropriateness, and anticipation of future needs. For this reason, Costa and colleagues [9] advocate for the
planning-based classification of “Urban Underground Heritage” (UUH), which encompasses both the physical and
symbolic values of subterranean spaces. Their recommendations emphasize proactive mapping, digital
documentation, and early involvement of heritage professionals in the urban planning process. The
Underground4value handbook [17] goes a step further, calling for participatory methodologies and anticipatory
tools—such as scenario planning and the “Living Labs” approach—to co-create the future of underground spaces
with local communities. In this spirit, valorization is not a static act, but rather a dialogical and adaptive process
grounded in continuous learning, testing, and redefinition of spatial values over time [10]. Ultimately, historical
records of underground structures—including material typologies, dimensions, functions, and origins—not only
preserve memory but also form the foundation for responsible urban planning. In a cityscape striving for resilience,
functionality, and cultural sustainability, subsurface spaces must be integrated into the urban vision—not as
invisible remnants of the past, but as visible assets for the future.
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2. METHODOLOGY

The aim of the research was to systematize and classify Belgrade’s underground structures in order to better
understand, protect, and incorporate them into future urban development strategies. The methodological
framework of the study included the following outlined steps.

2.1. Data Collection

The following methods were used:

e Direct observation: Field visits to accessible locations, conducted in collaboration with local institutions
and guides.

e Indirect observation: Analysis of existing archives, publications, digital sources, and visual materials.

e Institutional data analysis: Incorporating information from urban planning institutes, heritage
conservation bodies, and municipal administrations.

¢ Field research: On-site data collection and comparative verification of available information.

2.2. Classification criteria

The classification of subsurface structures was based on a set of interdisciplinary parameters designed to reflect
both their physical characteristics and historical-functional relevance. Key criteria included:

e Construction material (e.g., loess, limestone, clay, brick, concrete),

e Size and surface area, distinguishing small (up to 200 m?), medium (200-500 m?), and large structures
(over 500 m?),

e Historical period of construction (e.g., pre-17th century, Ottoman period, Austro-Hungarian period,
WWIIL, SFRY, post-socialist period),

e Original and current function (e.g., wine cellar, warchouse, shelter, tunnel, tomb, etc.),

e Current state (e.g., active, abandoned, collapsed, conserved, repurposed), and

e Geological context, such as the type of substrate in which the structure was built.

These classification criteria provided the basis for statistical analysis and the development of planning
recommendations (Figures 1).
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Figure 1. Section of database collected through fieldwork, sorted in Excel spreadsheet
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2.3.  Scope of research

The research encompasses an analysis of more than 160 documented subsurface structures within the territory of
the City of Belgrade, excluding facilities under the jurisdiction of the Ministry of Defense and Ministry of Interior
due to access restrictions and security protocols. The data have been systematically organized by city
municipalities (11 out of 17 Belgrade municipalities, as no underground structures were identified in the remaining
ones), including precise addresses, ownership status, functional designation, and current physical condition of each
structure. All data were entered into a tabular database using Microsoft Excel, enabling further processing,
classification, and graphical presentation through a series of simple and comparative analyses.

Simple Analyses

The simple statistical analyses were conducted to provide an initial identification of the spatial and structural
distribution of urban built heritage (UBH). These included the following parameters:

Distribution of structures by municipality;

Proportional presence of structures across different geological environments;

Prevalence of building material types;

Total floor area (in m?) of all structures;

Size categorization: small (<200 m?), medium (200-500 m?), and large structures (>500 m?);
Functional range of use;

Assessment of current physical condition;

Chronological distribution of construction periods.

PRNAINPR WD =

Comparative Analyses

The comparative analyses use the same criteria as the simple ones but enable deeper insights into intersections
among various parameters, such as:

Structure size in relation to historical periods of construction;

Functional typologies contextualized by historical eras;

Current condition of structures in relation to geological environments;

Condition of structures based on current or original use;

Geological characteristics per municipality in relation to the prevalence of structures;
Distribution of materials in specific construction periods;

Functional distribution of structures across city municipalities.

Nk wWb =

This data structure and set of derived analyses provide the basis for establishing evaluation criteria, as well as
guidelines for the preservation, revitalization, and strategic inclusion of UBH in sustainable urban development
models. The author considers the chosen analytical framework to offer a reliable foundation for future
interdisciplinary spatial interventions.

2.4. Ethical and Safety Considerations

The research was conducted in accordance with established ethical principles and safety protocols. No
underground structure was physically altered or forcibly accessed; all site visits were carried out only with the
consent of property owners or relevant institutions. Special attention was given to safety risks, including damaged
structures, unstable soil conditions, and insufficient ventilation.

3.  RESULTS OF THE STUDY

3.1. Results of Basic Statistical Analyses

Based on data derived from the accompanying diagrams, a statistical analysis was conducted on the underground

structures in Belgrade, focusing on their function, physical condition, construction period, surface area, municipal
distribution, and building materials used. The following are key findings:
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1. The highest concentration of underground structures is located in the municipality of Zemun (45.73%),
followed by Stari Grad (17.07%), Cukarica (7.93%), Rakovica (6.71%), and Novi Beograd (6.10%).
Other municipalities such as Palilula (4.27%), Vracar and Savski Venac (each 3.66%), Zvezdara (2.44%),
Vozdovac (1.83%), and Grocka (0.61%) show significantly lower representation.

2. Regarding presence of structures across different geological environments, loess is dominant (51.22%),
followed by limestone (32.93%) and clay (8.54%). Sandstone (3.05%), sarmat (1.83%), and sand (0.61%)
are minimally used (Figures 2). When material combinations are considered, the most prevalent are loess
and brick (25.00%), brick, concrete and loess (23.17%), and brick and concrete (16.46%). Limestone
alone accounts for 12.80%, while other material combinations such as concrete, brick, and clay occur in
less than 8% of the structures.

3. The most common functions of these spaces include wine cellars and storage vaults (lagums) (48.17%),
followed by warehouses (13.41%), shelters and bunkers (each 10.37%). Transportation tunnels make up
6.10%, mines 4.27%, while tombs (1.83%), garages, depots, and gas plants (each 1.22%) are much less
represented. Fishponds, Roman baths, and hospitality venues hold a marginal share (each 0.61%).

4. In terms of current condition, the majority of structures are partially collapsed (39.63%), followed by
abandoned (25.61%), conserved (17.68%), and active (9.15%). Renovated structures account for 7.32%,
while demolished ones are very rare (0.61%) (Figures 3).

5. As for the period of construction, most structures date back to the Austro-Hungarian era (18th—19th
century, 51.83%), followed by the World War II period (19.51%) and the Ottoman period (18th—19th
century, 12.80%). Other historical phases—pre-17th century, Socialist Federal Republic of Yugoslavia,
and post-socialist period—each account for 3.05-3.66%, while early 20th century, the second half of the
18th century, and the 19th-century Ottoman era are represented at only 0.61%.

6. The total estimated floor area of underground structures is 344,676 m?. Large structures dominate in size
with 338,400 m?, while medium-sized (2,952 m?) and small ones (3,324 m?) occupy significantly less
space. Small structures represent the majority in number (70.73%), followed by medium-sized (16.46%)
and large ones (12.80%).

Loess 51.22% Proportional presence of structures across different
geological environments

0
Clay 8.54% Sarmatian sediments I 183%

Limestone 32.93% Senonian sediments I 0.61 %

Sandstone . 3.05%

Limestone, Loess 1.22%
Sand I 0.61%
Sand 0.61%
Limestone, Loess I 1.22%
o
Senonian sediments 0.61% Clay - 8.54%
Sarmatian sediments 1.83%

Figure 2. Results of basic analysis of proportional presence of structures across different geological environments.
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Active 9.15% Assessment of current physical condition
Demolished I 0.61%

Abandoned 25.61%
Repurposed _ 7.32%

Collapsed 39.63%

Conserved 17.68 %

Demolished 0.61%

Figure 3. Results of basic analysis of current physical condition of structures.

The analysis reveals that underground structures in Belgrade are primarily lagums and warehouses constructed in
loess and limestone, with the highest concentrations found in Zemun and Stari Grad. While most structures
originate from the Austro-Hungarian era, a significant portion is either collapsed or abandoned, highlighting the
urgent need for conservation or adaptive reuse. Although fewer in number, large underground structures account
for most of the total floor area, pointing to their considerable potential for future urban development initiatives.

3.2. Results of Comparative Analyses

Comparative analyses of underground structures in Belgrade, conducted using various criteria (function,
geological context, construction materials, historical period, and current condition), reveal a significant degree of
spatial and historical diversity.

The distribution of functions by municipality highlights a strong dominance of certain structure types in specific
areas. In Zemun, wine cellars and vaults (lagums) dominate (94.67%), while shelters are most represented in
Vozdovac (100%) and Palilula (71.43%). In Stari Grad and Savski Venac, storage facilities prevail (53.57% and
50% respectively), while bunkers are predominant in Cukarica (76.92%). Rakovica shows a balanced
representation of mines and bunkers (36.36% each), whereas Vracar and Grocka include more specialized
structures such as tombs.

The geological base across municipalities also reflects territorial specificity. Loess soils are prevalent in Zemun
and New Belgrade, while older urban cores like Stari Grad and Palilula are predominantly founded on limestone.
Clay is the dominant substrate in Vozdovac and Grocka, and mixed formations (limestone, clay, sandstone,
sarmatian sediments, and senonian sediments) are registered in Rakovica, Cukarica, and Savski Venac. These
geological conditions directly influence the stability, durability, and preservation of the structures.

Construction materials, in a historical context, indicate that loess and brick were dominant during the Austro-
Hungarian period (95.12%). In the Ottoman era, concrete, brick, and limestone were more commonly used. During
the Socialist and post-Socialist periods, concrete became the prevailing material, signaling a shift in construction
technologies and material availability. Brick remained a consistently used material across nearly all periods, while
limestone was crucial during the Ottoman and Royal (Kingdom of Yugoslavia) periods (Figures 4).
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Figure 4. Results of comparative analysis of material distribution across construction periods, with brick- and loess-built
structures as evaluation criteria.

When analyzing the size of structures in relation to their construction period, smaller structures were typical of
earlier times (Austro-Hungarian — 68.97%; pre-17th century — 19.05%), while large structures became dominant
in the post-Socialist period (28.57%). Medium-sized structures peaked during World War II (25.93%) and in the
18th—19th centuries.

Functional distribution across time periods reflects the evolution of urban and security needs. Lagums prevailed
during the Austro-Hungarian era (90.59%), while shelters and bunkers were characteristic of the WWII period. In
the SFRY and post-socialist periods, traffic-related structures and garages became dominant, signaling a new
functional direction for underground urban space.

Preservation status relative to geological environment indicates that structures built in loess are generally partially
collapsed or abandoned, while those in limestone are often preserved or still functional. Clay-based structures
show moderate preservation, whereas those built in alluvial and senonian sediments-dominant soils are in the best
condition, likely due to advanced construction techniques. Structures in sandstone are fully abandoned, while those
in sarmatian sediments environments show a balanced condition profile.

Finally, preservation by function shows that traffic tunnels and shelters are most often active, while lagums and
bunkers are largely abandoned or collapsed. Conserved structures are mostly warehouses and shelters, while
repurposed ones are typically former bunkers and shelters. Demolished structures were exclusively former shelters,
often due to human factors.

These results provide a complex picture of Belgrade’s underground heritage in terms of historical, geological, and
functional heterogeneity. They serve as a foundation for setting priorities in preservation, further research, and
potential adaptation of these spaces within the framework of modern urban development.

3.3. Socio-Historical Analysis

In recent decades, there has been a noticeable rise in public interest in Belgrade’s underground heritage, driven by
a combination of interconnected socio-historical factors. Firstly, urban expansion and renewed interest in
alternative spaces within the city fabric have created a demand for the revitalization of neglected or forgotten
underground structures. This is particularly evident in municipalities such as Zemun* and Stari Grad®, where the

4 Zemun is today a municipality of Belgrade, historically a separate town situated on the right bank of the Danube River, with a strong
Austro-Hungarian architectural and cultural influence, distinct from Belgrade’s Ottoman and later Serbian urban layers.

3 Stari Grad (Old Town) is the historic core of Belgrade, located at the confluence of the Sava and Danube rivers, characterized by its layered
urban fabric that includes Roman, Ottoman, and Serbian heritage.
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concentration of historical wine cellars and storage facilities is the highest. At the same time, increasing ecological
and cultural awareness among citizens and professionals has led to a new valorization of these spaces as potential
cultural, touristic, and communal assets. A trend has emerged toward transforming former military and industrial
facilities into public and commercial venues such as museums, galleries, wine cellars, and cultural centers. From
a historical perspective, most of these underground structures originate from the Austro-Hungarian and Ottoman
periods, which further enhances their cultural and historical value and their potential integration into collective
memory narratives. On the other hand, a significant number of structures are in a state of collapse or neglect,
indicating uneven preservation policies but also highlighting opportunities for intervention and investment.
Technological advancements and the growing popularity of urban exploration, along with the development of new
mapping and evaluation methodologies—such as the concept of Underground Built Heritage (UBH)—are
contributing to the institutionalization of this topic within urban planning, conservation strategies, and cultural
policy.

In summary, underground structures have evolved beyond their original, often forgotten functions to become
subjects of growing social, professional, and political interest. This shift opens up new possibilities for their
protection, adaptive reuse, and integration into the contemporary urban life of Belgrade.

4. DISCUSSION

It should first be noted that the implementation of this research was constrained by specific factors that influenced
the scope, accessibility, and depth of the analysis of Belgrade’s underground architectural heritage in the following
ways:

o Institutional barriers and restricted access: Entry to certain structures was either impossible or
severely limited due to their classification as closed, secured, or military-controlled zones, particularly
those managed by the Ministry of Defense and the Ministry of Internal Affairs.

e Incomplete historical documentation: A significant portion of structures built before the 20th century
is inadequately documented, complicating precise reconstruction of their original functions,
configurations, and transformations over time.

o Limited digitalization of archives: The lack of access to digital archival resources further complicated
the consolidation of data, especially concerning legal status, functional use, and ownership of
underground structures.

e Temporal limitation of data: The study included only structures documented up to the year 2018,
meaning that more recent underground interventions and constructions were not part of the analysis.

e Undocumented sites and oral traditions: There is a likelihood that additional underground structures
exist, yet remain undiscovered and are passed down only through oral history and local narratives.
Although not included in the formal research scope, these elements represent a valuable basis for future
investigations.

e Presentation constraints: Due to the volume of material and spatial constraints of this work, it was not
possible to present the entire database or the full results of the graphical analyses. Nevertheless, key
findings and conclusions are discussed in the “Discussion” section, accompanied by a critical review of
the results.

These limitations do not undermine the relevance or validity of the research, but they must be considered when
interpreting the results and planning subsequent research or intervention phases.

The integration of Belgrade’s underground structures into sustainable urban development requires a clearly defined
balance between the preservation of cultural heritage and the fulfillment of the city’s contemporary needs.
Research findings indicate that underground facilities—particularly the lagums in Zemun and storage spaces in
Stari Grad—hold significant potential for revitalization. However, their current condition (39.63% collapsed and
25.61% neglected) highlights an urgent need for systematic mapping and digital documentation, as proposed by
Costa et al. [9]. These findings also confirm the challenges outlined in the "Study on the Development of Urban
Underground Spaces" [18], which notes that underground structures remain largely excluded from Belgrade’s
strategic spatial planning frameworks.

UNESCO’s Historic Urban Landscape (HUL) approach [8] advocates a holistic view of integrating subsurface
spaces into the broader urban context, relieving pressure on surface infrastructure while contributing to the
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preservation of spatial identity. In this sense, Belgrade could alleviate the strain on its above-ground assets by
incorporating and functionally rehabilitating segments of its underground infrastructure—particularly those
structures with cultural, historical, or touristic value. However, the current legal framework in Serbia remains
fragmented and only partially addresses this domain. The Law on Cultural Heritage [19] recognizes underground
structures as part of immovable cultural assets but lacks clear guidelines for their adaptive reuse. Similarly, the
Law on Planning and Construction [20] does not provide concrete tools for incorporating underground spaces into
spatial planning documents, while the Law on Emergency Situations [21] addresses shelters purely from a safety
perspective, overlooking their historical and cultural significance. The Rulebook on Specific Conditions for
Establishing Institutions for the Protection of Cultural Heritage [22] and the Rulebook on the Content, Manner,
and Procedure of Developing Spatial and Urban Planning Documents [23] leave room for interpretation but are
seldom directly applied to underground structures.

International authors such as Peng [24], Li [25] and Bobylev [26] emphasize the importance of underground spaces
as assets for sustainable development—not only for transport and utility infrastructure, but also as spatial reserves
for new cultural, educational, and commercial functions. Belgrade’s underground structures, particularly those in
Zemun, Stari Grad, and Cukarica, could be strategically repurposed to support local economic development and
tourism. The 2024 study [18]. further highlights the absence of mechanisms for categorizing underground spaces
based on usability and infrastructural capacity. It critically notes the lack of a centralized database and standardized
criteria for identifying potential, risks, and degrees of endangerment. Despite the formally stated need for
underground integration, actual implementation remains limited by institutional barriers, fragmented jurisdiction,
and the absence of a coherent financial framework.

However, as Zhang et al. [27], emphasize, the creation of plans alone is insufficient without clear implementation
mechanisms, institutional coordination, and public engagement. To date, Belgrade has not developed a
comprehensive database of underground structures, nor does it possess a strategy for their valorization and
activation. An analysis of international case studies—such as Lisbon, Paris, and Tokyo—demonstrates that the
successful integration of underground heritage depends on the existence of a regulatory framework that fosters
collaboration among urban planners, archaeologists, ecologists, and technological innovators. In Belgrade, such a
multidisciplinary approach has yet to be systematized. The authors of the 2024 study [18] suggest that the most
urgent step is the development of pilot projects in municipalities with the highest concentration of underground
structures (Zemun, Stari Grad), aligning with recommendations from international literature [28] [24].

An additional challenge lies in the unresolved issue of jurisdiction. The study emphasizes the need to clearly define
whether the management of underground spaces falls under the authority of local governments, the Institute for
the Protection of Cultural Monuments, or a dedicated agency. The absence of an integrated management system
leads to institutional passivity, leaving many significant underground structures outside the scope of urban
development processes.

The geological characteristics of Belgrade—comprising layers of loess, limestone, clay, and sandstone—present
both a challenge and an opportunity for the further understanding and classification of underground structures.
Materials such as loess exhibit a higher tendency toward collapse, while structures built in limestone are generally
well-preserved and stable. In this context, the digitalization and 3D mapping of the subsurface emerge as crucial
steps toward improved planning and utilization of these spaces.

In addition to technical and legal aspects, attention must also be given to intangible values—collective memory,
legends, and urban myths associated with these structures. Authors such as Heyns [6] and Pace [17] emphasize the
importance of involving the local community in planning and decision-making processes. In Belgrade, this could
be implemented through pilot projects or initiatives such as "living labs," particularly in areas of the city with a
pronounced historical memory.

Also, Belgrade possesses a rich and diverse stock of underground structures that—if properly valorized—could
contribute to relieving surface-level urban pressure, enhancing the city’s cultural offer, and increasing its
functional resilience, as illustrated by international examples from Lisbon, Madrid, or Kyoto. However, without
reform of the legal framework, the creation of a functional registry, financial support, and pilot adaptation
programs, this potential remains marginalized. To unlock it, clear management strategies, adequate financial
backing, and, crucially, strong socio-political will are essential. In this context, the "Urban Underground Space
Development Study" represents an important step toward institutional awareness, but it must be followed by
concrete regulatory, budgetary, and urban planning measures [18].

263



19" WORLD CONFERENCE OF THE ASSOCIATED RESEARCH CENTRES FOR THE URBAN UNDERGROUND SPACE

Belgrade, Serbia, November 4-7, 2025.

Finally, to move from descriptive mapping to concrete planning, an evaluation framework was developed and
presented (Table 1). This framework operationalizes the reuse potential of historical underground structures
through explicit criteria, enabling planners to establish priorities for interventions in future planning. Such a
methodology aims to achieve comprehensive and systemic urban planning.

Criterion

Table 1. Evaluation Framework for Reuse Potential of Underground Structures

Physical condition
Geological stability

Historical-cultural

value

Location and

accessibility

Reuse potential

Regulatory framework

Description Indicators / Parameters Possible Values
Degree of preservation of Conserved / Active / Active / Neglected /
the structure Neglected / Collapsed Collapsed
Subsoil type and Loess / Limestone / Clay Stable / Unstable
construction material / Sandstone
Cultural and symbolic Heritage status / Local High / Medium / Low

importance of the
structure

significance / None

Position within the city Central / Peripheral / Easily accessible /
and accessibility to Easily accessible / Limited access
users/visitors Remote

Tourism / Cultural /
Commercial / Civic
functions

Suitability for adaptive
reuse in a contemporary
context

High / Limited

Legal status and planning
documentation

Cultural heritage site /
No status / Planning act

Protected / Unprotected

This model can be applied to a comparative analysis between two or more types of structures. For example,
Zemun’s wine cellars (lagumi), despite their deteriorated condition and unstable loess geology, demonstrate
exceptional cultural and touristic reuse potential. Conversely, storage facilities in Stari Grad, built in limestone
and partially conserved, represent a more immediate and feasible opportunity for adaptive reuse into museums or
cultural centers. This comparison can be visualized in Table 2.

Table 2. Evaluation Framework for Two Comparative Case Studies

T o Indicators / Example (Zemun Example (Stari
Criterion Description . Grad — Storage
Parameters — Wine Cellars) regs
Facilities)
Degre.e of Active / Conserved ~ Mostly neglected Partially
. o preservation and
Physical condition o . / Neglected / or collapsed, conserved, some
usability without N
Collapsed approx. 65% repurposed

Geological
stability

Historical-
cultural value

Location and
accessibility

Reuse potential

Regulatory
framework

major interventions
Stability of subsoil
and construction
material
Cultural and
symbolic
significance for the
local and wider
community
Position within the
urban fabric and
accessibility for
visitors/services
Suitability for new
functions in a
contemporary
context
Legal status and
planning instruments
for
protection/adaptation

Loess / Limestone /
Clay / Sandstone

Monument status /
Local significance
/ None

Central / Peripheral
/ Easily accessible

Cultural / Touristic
/ Commercial /
Civic
Cultural heritage

site / No status /
Planned
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Loess — prone to
collapse, requiring
remediation

High historical and
touristic value

Good accessibility
within Zemun
urban core

High potential for
tourism and wine-
related uses

Partial protection,
lacking clear
planning tools

Limestone — more
stable, suitable for
reuse

High cultural value
(trade, urban
heritage)

Central location —
Old Town

High potential for
museums and
galleries

Protected sites, but
no reuse guidelines
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Based on the evaluation framework (Table 1), a priority ranking of reuse potential was established (Table 3). This
ranking allows planners to distinguish between high-priority structures that can immediately contribute to cultural
and touristic development (e.g., wine cellars in Zemun, storage facilities in Stari Grad) and those with medium or
low potential requiring long-term strategies (e.g., bunkers in Cukarica, mines in Rakovica, shelters in Palilula and

Vozdovac).

Table 3. Priority Ranking of Reuse Potential for Belgrade’s Underground Structures

Location / Physical Cultural Geological Reuse Priorit
Type Condition Significance Stability Potential y
Zemun — Wine Neglected / . Loess — Tourism, wine High (with
Cellars High routes, cultural S
. Collapsed unstable . remediation)
(Lagumi) functions
Stari Grad — . Museums,
Conserved / . Limestone — . .
Storage . . High galleries, High
e Partially active stable
Facilities cultural centers
> . . Educational and
Cukarica - Partially Medium Mixed substrate memorial Medium
Bunkers preserved
centers
. . Industrial
Rakqwca - Partially Medium 'Clay / heritage, Medium
Mines collapsed Limestone .
thematic parks
< . Clay - .
VozZdovac — Active / Civic / Safety
Low moderately . Low
Shelters Conserved functions
stable
Palilula - Limited
Neglected Low Limestone technical Low
Shelters .
potential

5. CONCLUSION

Belgrade possesses a layered heritage of underground structures—Ilagums, bunkers, shelters, mines, and storage
spaces—that represent a significant yet overlooked asset within the city’s urban fabric. Analysis shows that the
largest concentration and surface area of these structures are found in Zemun and Stari Grad, primarily built during
the Austro-Hungarian period within loess and limestone formations. Unfortunately, more than 65% of them are
currently in a state of neglect or collapse, highlighting a lack of systematic care and a clearly defined institutional
framework. At the same time, the Study on the Development of Urban Underground Spaces in Belgrade
emphasizes the urgent need to recognize these spaces not as infrastructural burdens, but as urban resources.

A key challenge in the revitalization of underground spaces lies in the legal and planning vacuum: although the
Law on Cultural Heritage recognizes certain structures as cultural monuments, there are no guidelines for their
adaptive reuse or integration into contemporary urban planning. In practice, current spatial plans almost entirely
overlook the existence of these structures, preventing their contribution to relieving public surface space or
fostering tourism and cultural development. Moreover, the lack of coordination between the heritage protection
sector and infrastructure management further delays any concrete interventions.

The solution lies in initiating institutional and operational mechanisms that place the underground realm at the
forefront of spatial and cultural development. It is essential to establish specialized teams for mapping, evaluation,
and management of subterranean structures, alongside the implementation of digital databases and the active
involvement of local communities through participatory models. Adaptive reuse pilot projects—such as the
transformation of lagums into museum spaces—can serve as replicable models for broader application. Ultimately,
Belgrade’s underground spaces have the potential not only to contribute to the preservation of the city’s identity,
but also to become catalysts for its sustainable development—provided they are properly integrated into urban
planning strategies and public policies.

Belgrade’s underground cannot be fully understood without considering its deeply rooted socio-historical context.
Over the centuries, the city’s subterranean structures have been shaped by complex interactions among military,
political, economic, and cultural forces. The lagums in Zemun date back to the Austro-Hungarian period, originally
serving as wine and goods storage facilities, while bunkers, shelters, and mines across other municipalities
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emerged during turbulent eras such as World War II, socialist industrialization, and the Cold War. These structures
are not merely technical installations—they are physical embodiments of collective memory, reflecting the shifts
in Belgrade’s urban identity, from a commercial crossroads to a city continuously shaped by political and security
pressures.

For this reason, the revitalization of these spaces should not be viewed solely as a functional or aesthetic task, but
rather as a socio-cultural project. Shaped by wars, political regimes, trade routes, and everyday life, Belgrade’s
underground structures hold the potential to become educational and symbolic spaces of memory and identity.
Their adaptive reuse—as museums, galleries, public spaces, or even climate-resilient infrastructure—can bridge
the city’s past and present, adding meaningful value for the local community. The preservation and activation of
these sites must therefore be guided by an awareness of their cultural and historical significance, fostering a balance
between urban development and respect for the city’s layered heritage.

As a synthesis of the findings and a step toward practical applicability, Tables 1 and 2 present an evaluation
framework and a priority ranking for the reuse potential of Belgrade’s underground structures. These tools are not
only intended to guide immediate planning interventions but also to serve as a methodological reference for future
research.
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STUDY ON THE INFLUENCE OF MECHANICAL PROPERTIES OF FIBER REINFORCED
CONCRETE ON PERFORMANCE OF PRECAST TUNNEL SEGMENTS

Fan Zhang', Wouter De Corte?, Xian Liu?, Yihai Bao*, Luc Taerwe®

Abstract: Reinforced concrete (RC) segments rebars partially replaced by fibers have attempted to prove superior performance
in some studies, but the research on how the mechanical parameters of fiber reinforced concrete (FRC) (fr1 and frs according
to the fib Model Code) and remaining rebars affect the segment properties is still limited. Moreover, when considering both
the serviceability and ultimate states of the segments, multiple factors need to be studied to ensure that the FRC segments with
rebars (RC-FRC segments) can be truly superior to the RC segments. For this purpose, based on numerical models verified by
four-point bending tests on RC-FRC segments, this paper uses numerical simulations to explore the influence of FRC
mechanical parameters and the amount of reinforcement on various segment properties such as stiffness, crack width, yield
load, ultimate load, ductility, and safety reserve. A total of 92 simulations were conducted, combining different parameters:
two RC segments with rebar areas 1.006 mm? and 2.454 mm?, and ninety RC-FRC segments with rebars partially replaced by
FRC (3MPa, 5MPa, 7MPa of fr1, and 0,5, 0,9, 1,3 of fra/fr1, combining with five levels of remained rebar areas for each RC
segment). Additionally, a modified FRC constitutive model was used to make the simulation more accurate when the crack
width is small. The simulation results indicate that, the more of the rebars remained, the larger are the segment stiffness, yield
load and ultimate load, but in all cases the ductility and safety reserve are negligibly influenced. As for FRC, the larger of the
fr1, the larger are the segment stiffness, yield load, ultimate load and safety reserve, and the smaller the crack width, but it has
anegligible effect on the ductility. The larger of the fra/fr1 ratio, especially when it is larger than 0.9, the larger are the ultimate
load, safety reserve and ductility, but it does not affect the stiffness and yield load of the segment. The study indicates that to
ensure the performance of RC-FRC segments, the mechanical properties of the FRC and the replaced rebars should be carefully
determined. Furthermore, it is recommended to replace the rebars with FRC that has a high fr1 value and a frs/fr: ratio larger
than 0.9, to enhance the toughness of the segment.

Keywords: FRC segment, residual strength, stiffness, bearing capacity, ductility

1. INTRODUCTION

With the wide implementation of the tunnel boring machine for the construction of subway and other tunnels,
the shield tunnel method has been used very often. As the main load-bearing component of shield tunnel lining®,
the mechanical performance of the segment directly affects the safety and durability of the tunnel lining. In recent
years, fiber-reinforced concrete (FRC) has been increasingly used in shield tunnel segments, such as S&o Paulo
Metro Line 5 (de Andrade et al., 2024) [1], Barcelona Line 9 subway (de la Fuente et al., 2012) [3], Brenner Base
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Tunnel (Caratelli et al., 2011) [18], the thermal tunnels in Copenhagen (Kasper et al., 2008) [4] and Shenzhen,
China (Cui et al,. 2022) [5], because it allegedly performs better in terms of crack resistance, ductility, and ability
to improve the whole lifecycle performance of tunnel lining while reducing cost (de la Fuente et al., 2017) [2].

FRC is made by mixing steel fibers, polypropylene fibers, basalt fibers, etc., and plain concrete (PC). There
are various methods to evaluate the performance of FRC. For example, ASTM C1609/C1609M (2024) [6] and
ASTMC 1550-20 (2020) [7] evaluate performance based on post-crack energy absorption, while EN14651 (2007)
[8] and RILEM TC 162 TDF (2003) [9] use post-crack residual strength. Regardless of the evaluation methods,
they are all based on post-crack performance, since fibers influence crack initialization and development due to
their ability to bridge cracks. The fib Model Code for concrete structures 2020 (MC2020) [10] further classifies
FRC according to its residual strengths fr1 (when the crack mouth opening displacement (CMOD) is 0.5 mm) and
frs (when CMOD is 2.5 mm), obtained by the three-point bending test of the notched beam (EN14651 (2007)
[8])(Table 1). This classification makes it possible to select FRC by strength grade, which is similar to selecting
rebar and bolts in structural design, making it more convenient to design an FRC structure. Moreover, MC2020
stipulates that for structure, fry must be greater than 0.4fy (tensile strength), and fra/fry must be greater than 0.5.
The Chinese standard for FRC segments (GB/T 38901-2020) [11] further specifies that when the rebar in the
reinforced concrete segments (RC segments) is partially replaced by FRC (RC-FRC segments), the FRC
classification must be greater than or equal to 3a, and when the rebar is fully replaced, the classification must be
greater than or equal to 3c (refer to Table 1 for specific mechanical properties). These standards have further
promoted the application of FRC in tunnel segments. However, there are still difficulties in engineering
applications, mainly due to three issues: how to select suitable FRC, how many rebars can be replaced by FRC,
and whether the mechanical performance of the RC-FRC segment with the rebar partially replaced meets the
requirements and technical and performance specifications.

Table 1. Classification of FRC according to MC2020

Classification index 1 fr1 Classification index 2 fra/fre
1 1 MPa<fri<1,5 MPa a 0,5< fra/fr1<0,7
15 1,5 MPa<fri<2 MPa b 0,7< fra/fr11<0,9
2 2 MPa<fri1<2,5 MPa c 0,9< fra/fr11<1,1
2,5 2,5 MPa<fr1<3 MPa d 1,1< fra/fr11<1,3
3 3 MPa<fr1<3,5 MPa e 1,3< fraffr11
N

*Example: 4c means 4 MPa<fr1<4,5 MPa, and 0,9< fra/fr11<1,1.

Although there has already been some research on the FRC subject matter, most studies have predominantly
focused on the crack width and bearing capacity, and these studies were made on segments with specific rebars
replaced by a specific FRC. There was a lack of systematic parametric analysis on different FRC and replaced
rebars, and analysis on stiffness, ductility and bearing strength reserve. de Andrade et al. (2024) [1] demonstrated
the feasibility of partially replacing steel reinforcement with FRC through experimental and numerical methods,
by evaluating parameters such as crack spacing and width, as well as ultimate load capacity. Liu et al. (2020) [12]
employed FRC with fiber grades 3,5¢ and 4c to partially replace steel reinforcement. The results showed that the
load-bearing capacity at a crack width of 0,2 mm and the ultimate load capacity were comparable to those of
conventional RC segments, while the stiffness of the FRC segments was significantly improved. Zheng et al. (2020)
[13] used FRC with a fiber content of 0,45 % to replace 55 % of the steel reinforcement, resulting in an enhanced
load-bearing capacity compared to RC segments. Similarly, Conforti et al. (2017, 2019) [14][15] reported
improved segment performance when using FRC of grade 2e to partially replace steel reinforcement. However,
Tengilimoglu & Akyuz (2020) [16] observed a significant reduction in flexural performance when 60 % of the
steel reinforcement was replaced with FRC of classification 1c.

Segments made with steel reinforcement entirely replaced by FRC can be considered a special case. Although
FRC segments without rebars have been successfully applied in certain engineering projects, such as the water
conveyance tunnel inner lining reported by Zhou et al. (2025) [17], which demonstrated superior performance
compared to RC inner linings, the load bearing capacity has been found insufficient when used as primary load
bearing components (Caratelli et al., 2011, Abbas et al., 2014) [18][19]. These studies, while valuable, often
emphasize specific aspects and lack a comprehensive systematic analysis, making it difficult for engineers to
determine whether FRC segments can meet the full range of engineering requirements.

To address these limitations, this study conducts an extensive parametric analysis by using numerical
simulations to investigate the influence of varying residual strengths of FRC and different reinforcement areas on
the mechanical performance of RC-FRC segments with reinforcement partially replaced. The parameters
examined include stiffness, crack width, yield load, ultimate load, safety reserve, and ductility. The numerical
model is validated against experimental results and incorporates an improved post-cracking trilinear constitutive
model for FRC to more accurately reflect its performance at the serviceability limit state (SLS). The findings aim
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to provide designers with a comprehensive understanding of the mechanical performance of RC-FRC segments
under both SLS and ultimate limit states (ULS), and suggest how to select suitable FRC according to the residual
strength.

2. RC-FRC SEGMENT NUMERICAL MODEL
2.1.  Simulation sets

To investigate the influence of residual strength parameters of FRC and the amount of replaced reinforcement
on various mechanical properties of RC-FRC segments — including stiffness, load-bearing capacity, and
ductility—this study developed a series of simulation sets.

Preliminary analyses indicated that the effect of FRC becomes more obvious when the reinforcement ratio of
the segment is relatively low. Therefore, this study is based on segments designed corresponding to tunnel depths
of 15 m and 25 m in a certain city, with longitudinal reinforcement diameters of 16 mm and 25 mm, respectively.
To reduce computational time, a half-segment model was adopted in the simulations. Each segment model includes
five longitudinal rebars on both intrados and extrados. The reinforcement areas of the reference RC segments are
1.006 mm? and 2.454 mm?*, respectively. For the RC-FRC segments, the reinforcement area was reduced
incrementally by 200 mm® in each simulation case.

With respect to the residual strengths of FRC, according to the classification in MC2020 and the requirement
in GB/T 38901-2020 [11], FRC should at least be 3a. On the other hand, based on experimental experience, FRC
with a fiber content of 55 kg/m* typically achieves an fr1 value of approximately 7 MPa, while the ratio fra/fr1
rarely exceeds 1,3. In practical engineering applications, it is also challenging to increase the fiber content beyond
this level for structural fiber. In light of these considerations, the simulations in this study adopt FRC with fr1
values of 3 MPa, 5 MPa, and 7 MPa, and fra/fr; ratios of 0,5, 0,9, and 1,3.

The simulation sets for RC-FRC segments are presented in Table 2. In this table, each RC-FRC segment
scenario is defined by a unique combination of reinforcement area and FRC residual strengths, resulting in a total
of 90 simulation cases. Including the two reference cases of RC segments, a total of 92 simulation sets were
analysed. The RC-FRC segments with a reinforcement area smaller than 12000mm? will be compared with the RC
segment with a reinforcement area of 1006mm?, set as group 1, and the other RC-FRC segments will be compared
with the RC segment with a reinforcement area of 2454mm?, set as group 2. Additionally, a simulation according
to the test in Zhang et al. (2025a) [20] was made, to verify if the simulation model is correct.

Table 2. Simulation sets

RC segments RC-FRC segments with the rebar partially replaced
Rebar area (mm?) 1.006 806 606 406 206 6
2.454 2.254 2.054 1.854 1.654 | 1.454
fr1 (MPa) 0 3MPa 5MPa 7MPa
fra/fr1(MPa) 0 0,5 0,9 13

2.2. Simulation model

2.2.1. Model information

All the models were developed based on the experimental segment tested by Zhang et al. (2025a) [20]. The
segment has a width of 750 mm, a thickness of 400 mm, an outer diameter of 6.900 mm, and an angle of 67,5°.
Four-point bending test was adopted. The distance between the loading beams is 900 mm, and the span between
the rotational centers of the supports is 3.389 mm.

In the numerical model, the concrete was modelled using hexahedral solid elements with an element size of
40 mm. The supports and loading beams were modelled using tetrahedral solid elements, also with an element size
of 40 mm. Reinforcement was modelled by embedded linear elements. In the verification model, the number and
the location of reinforcement rebars were consistent with the experimental setup. In the parametric analysis models,
five longitudinal rebars were uniformly distributed, with stirrups spaced at 180 mm intervals.

Both the loading beams and supports were connected to the segment using fixed contacts. The left support was
constrained in all translational degrees of freedom, while the right support was constrained in all translational
degrees of freedom except for the X-axis. All rotational degrees of freedom were left unconstrained. The load was
applied to the top surface of the loading beam to simulate the experimental loading process, continuing until the
segment failure occurred.
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Additionally, in the experiment conducted by Zhang et al. (2025a) [20], a concrete weak region was observed
at a position 80-120 mm from the intrados due to the bundled two rebars. This led to the development of
circumferential cracking in that region during testing. To replicate this behavior in the validation model, a weak
region was set there, with the concrete strength set to 42 % of the other regions. In contrast, for the parametric
analysis models, the concrete strength was assumed to be uniform throughout the entire segment.

; .
a) Bending test ¢) Simulation model for the bending
test (overlook view)

b) Simulation model for the bending test (front view) d) Rebar cage

Figure 1. The bending test and the simulation model
2.2.2. Constitutive model

In the numerical model, both the rigid supports and loading beams were modelled as linearly elastic materials
with an elastic modulus of 200 GPa.

The reinforcement was modelled using a bilinear constitutive model. Before yielding, the steel exhibited an
elastic modulus of 200 GPa. The yield strength was set to 400 MPa, and after yielding, the ultimate tensile strain
was defined as 0,025, corresponding to a post-yield strength of 420 MPa.

To more accurately capture the tensile behavior of FRC under SLS, characterized by small crack widths, this
study adopts an improved post-cracking trilinear tensile constitutive model proposed by Zhang et al. (2025b) [21].
As illustrated in Figure 2, this model is a modification of the constitutive curve defined in the MC2020, where the
original curve OABCDE is refined to OABC'DE. The parameters of each point in the improved model are
calculated using the formulas provided in Table 3. In these formulas, f.: denotes the tensile strength of concrete,
and E is the elastic modulus of concrete. In the verification model, due to the use of C60 concrete, f is taken as
2,85 MPa and E. as 36.000 MPa. In the parametric analysis models, C50 concrete is assumed, with the value of fy
2,64 MPa and the value of E; 34.500 MPa. The compressive strength of concrete, fem, is set to 48 MPa in the
verification model based on experimental results, and 32,4 MPa in the parametric analysis models according to
GB 50010-2010 [23]. The residual strengths fr; and frs are 4,73 MPa and 5,29 MPa in the verification model, while
in the parametric analysis models, they are assigned according to the values listed in Table 2. The characteristic
length lcs, which corresponds to the element size, is set to 40 mm.

The addition of fibers enhances the post-peak ductility of concrete under compression. Therefore, the
constitutive model for FRC in compression must be capable of capturing this ductile behavior. However, current
codes do not provide a standardized compressive constitutive model specifically for FRC. Some researchers have
proposed compressive models for steel fiber reinforced concrete based on parameters such as fiber length,
diameter, and content. In this study, the compressive constitutive model of FRC is proposed by Lu et al. (2017)
[22], which was developed through fitting experimental data. The details of the constitutive model can be found
in Lu et al. (2017) [22].

However, there is no research has established a clear relationship between the residual tensile strength and the
compressive ductility of FRC. As a result, once the residual tensile strength is defined, a corresponding
compressive constitutive model cannot be directly determined. Nevertheless, based on the constitutive model
proposed by Lu et al. (2017) [22] and the steel fiber properties reported in the experiment by Zhang et al. (2025a)
[20], it can be calculated that when the fiber content increases from 15 kg/m? to 55 kg/m?, the strain corresponding
to post-peak compressive stress when it is half of the compressive strength increases only slightly—from 0,01 to
0,012 (Figure 3). This variation is relatively small and is approximately three times the strain observed in plain
concrete when its strength drops to half of its compressive strength.
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Therefore, a unified post-peak compressive constitutive model is adopted for all FRC with different residual
strengths. Specifically, after reaching the peak compressive strength, the concrete strength is assumed to decrease
linearly to 50 % of the peak value, with the corresponding strain set to three times that of plain concrete at the
same strength reduction level. At this point, the concrete is considered to have completely failed, and the structure
is assumed to be incapable of sustaining further load. The detailed constitutive parameters are provided in Table

(] 35
— — — FRC(V{=0.0038)
30 — ¢ =FRC(VE=0.0019)
fct = B 25 — .+ FRC(VE=0.0057)
= — PC
% 20
Oc plain é s
th D -~ concrete @
le S < 10
ct —
thll T g 5 — ===
0.2 | ‘ ; e .
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O &p &c &g &Esis Eurs & Strain
Figure 2. Diagram of the concrete constitutive model in Figure 3. Diagram of the concrete constitutive model in
tension compression

Table 3. Calculation equations for the concrete constitutive model in tension

Points Stress Strain
Point A gp = 0,9fct (l) A = O'A/E (2)
Point B og = fot 3) eg = 0,00015 4
S _%% %8
Point C oc = 0,8fpts (5) & = 0 — 05 (o¢r —op) + 8 (6)
Point D Ip ? frts = 0,37 frq 1) &p = &1 = CMOD, /1 (8)
. 2,
POINtE |freu = fres — =5 (fres — 0,57 frs + 0,26f1) | (9) &p = €yLs = 2,5/lcs (10)
CMOD,
Point Q 0q = 0,2f (11) | &g =0,085f00®/ferlcs + &8 — 0.8fu/Ec | (12)
Table 4. Constitutive parameters for concrete
Verification model PA model
fet 2,85 MPa 2,64 MPa
fem 48 MPa 32,4 MPa
Ec 36000 MPa 34500 MPa
fr1 4,73 MPa Table 2
fra 5,29 MPa Table 2
£cu (PC) 0,0046 0,0036
£cu (FRO) 0,0135 0,0112

3. SIMULATION RESULTS
3.1. Verification of numerical model

3.1.1. Verification of constitutive model

To simulate the tensile behavior of FRC, an optimized post crack trilinear constitutive model was employed.
To validate this model, a notched FRC beam was simulated under a three-point bending test, following the
experimental setup of Zhang (2025a) [20]. The modelling approach is consistent with that described by Zhang et
al. (2025b) [21], and the material parameters were assigned according to Table 4. The simulation results are
presented in Figure 4.

The simulation result is compared with the test results (Zhang et al., 2025a) [20] and the simulation result by
using the post crack bilinear constitutive model in MC2020. As shown in the figure, the optimized trilinear model
provides a more accurate response to FRC behavior under small crack openings. In contrast, the bilinear model
proposed in MC2020 tends to overestimate the tensile performance of FRC. Therefore, the use of the optimized
constitutive model enables a more reliable assessment of the structural performance of FRC segments under SLS.
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3.1.2.

Verification of the segment under bending

Following the experimental loading steps, the load—mid-span deflection curve is presented in Figure 5.
Additionally, the average concrete strain within a region of approximately 558 mm around mid-span was extracted
to calculate the flexural stiffness of the segment. The resulting stiffness—bending moment curve is shown in Figure
6. As shown in the two figures, both the simulated deflection and the stiffness evolution closely match the
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The RC-FRC segments failed because of the bending cracks (Figure 7), which were the same for each

simulation set.
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Figure 7. Crack pattern of segments

Using the same method as aforementioned, the average strain within the pure bending region at the middle
span was extracted to calculate the curvature of the segment. The resulting bending moment—curvature curves for
RC-FRC segments with different FRC residual strengths and rebar areas are shown in Figure 8. In the figure, each
simulation case is labelled as a-b-c, where a represents the reinforcement area, b denotes the value of fr1, and ¢

indicates the ratio frs/fr1.
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Figure 8. Bending moment — curvature curves of different simulation groups

As shown in Figure 8, depending on the combination of the remained reinforcement area and FRC residual
strengths, the load-bearing capacity of RC-FRC segments may perform better or worse than that of RC segments.
However, the segment response under bending can generally be divided into four stages: (1) elastic stage before
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cracking, (2) post-cracking stage until the load can be borne stably, (3) stable load-bearing stage until the rebar
yields, and (4) yield stage until reaching the ultimate load.

In the elastic stage, curvature increases linearly with load. Due to the reduced reinforcement in RC-FRC
segments, the concrete carries more tensile force. Since fibers do not increase the tensile strength of concrete, the
cracking load of RC-FRC segments is slightly lower than that of RC segments. In the second stage, curvature
increases rapidly under relatively small loads because of crack initiation; however, this effect diminishes as fr; and
frs values increase. During the third stage, curvature again increases approximately linearly with load. After
reinforcement yields, curvature grows rapidly with increasing load until the ultimate load is reached.

4. ANALYSIS AND DISCUSSION
4.1.  Analysis of the bending stiffness

The bending stiffness of the segment is defined as the bending moment divided by the curvature.

Since tunnel segments typically service with cracks, the bending stiffness at 124 kN-m and 249 kN-m before
the rebars yielding was extracted and compared with RC segments having reinforcement areas of 1.006 mm? and
2.454 mm?, respectively. Using a controlled variable method, where only one parameter (reinforcement area, fr1
or fraf/fry) is varied at a time, the influence of each parameter on the bending stiffness of RC-FRC segments was
analyzed. The bending stiffness of RC-FRC segments under different reinforcement areas and FRC residual
strengths is shown in Figure 9.
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Figure 9. The curves of the segment stiffness versus different parameters

As shown in Figure 9, the bending stiffness increases approximately linearly with both the reinforcement area
and the value of fra, while is negligibly influenced by the ratio of frs/fr1. When the FRC residual strengths are the
same, increasing the reinforcement area reduces the strain in each rebar under the same load, consequently,
resulting in a reduction in segment curvature and an increase in bending stiffness.

Regarding the residual strength of FRC, fr1 represents the mechanical performance of FRC at a crack width of
0,5 mm. Since the behavior of FRC at crack widths below 0,5 mm is primarily governed by fr1, & higher fry
indicates better crack control and smaller deformation under the same load. As cracks in the segment are typically
smaller than 0,5 mm before yielding, increasing fr1 leads to an enhancement in bending stiffness.

In contrast, the ratio frs/fr1 primarily determines the value of frs, which reflects the mechanical performance
of FRC at a crack width of 2,5 mm. Since cracks in the segment generally do not reach this width before rebar
yielding, the value of fra/fry has a negligible effect on the segment’s bending stiffness.
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4.2, Analysis of the crack width

Taking group 2 with the RC segment with the reinforcement area of 2.454 mm? as an example, the crack width
at a bending moment of 249 kN-m was extracted for comparison. Using the same controlled variable method, the
influence of different parameters on the crack width of RC-FRC segments was analyzed, as shown in Figure 10.
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Figure 10. The curves of the maximum crack width versus different parameters

As shown in Figure 10, the maximum crack width of the segment decreases approximately linearly with
increasing reinforcement area and the value of fr1, while it is negligibly influenced by the ratio of frs/fr1. When
the FRC residual strengths are the same, increasing the reinforcement area reduces the stress carried by each rebar
under the same load, thereby resulting in narrower cracks.

Regarding the residual strengths of FRC, a higher fry means a better crack control ability when the crack width
is smaller than 0,5mm, leading to smaller cracks under the same load. As shown in Figure 10, under a bending
moment of 249 kN-m, the maximum crack width in most cases remains smaller than 0,5 mm. Therefore, increasing
fr1 effectively reduces the maximum crack width.

In contrast, the ratio of frs/fr1 primarily determines the mechanical performance of FRC when the crack width
is larger than 2,5 mm. Since the crack width in the segment typically remains smaller than 0,5 mm before yielding,
the value of frs/fr1 has a negligible effect on the maximum crack width.

4.3.  Analysis of the yield load

The yield load of the RC-FRC segments was extracted and analyzed using the same controlled variable method,
as shown in Figure 11. The yield load of the segment increases approximately linearly with both the reinforcement
area and the value of fr1, while is negligibly influenced by the ratio of fra/fr1. When the FRC residual strengths are
the same, increasing the reinforcement area means the rebar can bear more load. As a result, a higher yield load
can be obtained.

Regarding the FRC residual strengths, a higher fr1 means the FRC can bear more load before the crack reaches
0,5mm. Since crack widths typically remain smaller than 0,5 mm before reinforcement yielding, the increase of
fr1 results in a larger yield load. In contrast, the ratio of frs/fr1 primarily determines the mechanical performance
of FRC when the crack width is larger than 2,5 mm, thus it has a negligible effect on the yield load.
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Figure 11. The curve of the segment yield load versus different parameters
4.4.  Analysis of the ultimate load

The ultimate load of the RC-FRC segments was extracted and analysed using the same controlled variable
method, as shown in Figure 12. The ultimate load increases approximately linearly with both the reinforcement
area and the value of fr1, following the same trend observed for the yield load. In addition, an increase in the ratio
of fra/fr1 also leads to an increase in the ultimate load, particularly when frs/fr1 exceeds 0,9. This is because, before
failure, the crack width typically exceeds 0,5 mm, and the FRC enters the residual strength range governed by
fralfr1. Therefore, a larger fra/fr1 enhances the segment’s ultimate load. Moreover, when fra/fr1 exceeds 0,9, the
FRC exhibits noticeable strain hardening behavior, which further contributes to the increase in ultimate load.
Nevertheless, the influence of the reinforcement area and fr1 remains more significant in terms of the magnitude
of improvement.
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Figure 12. The curves of the segment ultimate load versus different parameters
4.5.  Analysis of the safety reserve

If a structure can bear more load after yielding (which may be caused by some accidents), this structure can be
safer in engineering. Therefore, the safety reserve is defined as the difference between the ultimate load and the
yield load, to reflect the safety of the structure under accidents. The safety reserve of the RC-FRC segment under
different reinforcement areas and FRC residual strengths is shown in Figure 13. The safety reserve increases
approximately linearly with increasing of fr1, and also with increasing of frs/fr1, particularly when frs/frs is larger
than 0,9. In contrast, the reinforcement area has a negligible effect on the safety reserve.

Before reinforcement yielding, crack widths typically remain smaller than 0,5 mm. Therefore, with the increase
of fr1, the ultimate load can be increased. Besides, the values of fr; and fra/fr1 both determine the strength of FRC
when the crack is larger than 0,5mm, thus both the larger values of fr1 and fra/fr1 can enhance the ultimate load,
resulting in an increase of safety reserve. Additionally, when fra/fr: is larger than 0,9, the FRC exhibits noticeable
stress hardening, which significantly contributes to the increase in safety reserve.

Since the reinforcement has a limited stress increase after yielding, but with large strain increasing, increasing
the reinforcement area has a limited effect on the ultimate load, thus the reinforcement area has a negligible effect
on the safety reserve. This also results in the safety reserve of RC-FRC segments being significantly higher than
that of RC segments.
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Figure 13. The curves of the segment safety reserve versus different parameters

4.6.  Analysis of the ductility

While safety reserve reflects structural safety from a load-bearing perspective, structural safety is also closely
related to the deformation capacity after yielding—i.e., ductility. In this study, ductility is defined as the ratio of
curvature at ultimate load to curvature at yield load. The ductility of RC-FRC segments under different
reinforcement areas and FRC residual strengths is shown in Figure 14.

Small increments in load may result in large increases in deformation when the load is close to the ultimate
load. This can lead to noticeable variation in the calculated ultimate curvature, resulting in slight fluctuations in
the ductility curves.

As shown in Figure 14, reinforcement area and fr1 have limited influence on segment ductility, while the value
of frs/fr1 has a significant effect when it exceeds 0,9. As discussed above, reinforcement area and fr1 primarily
affect the yield point. Although the fr; has some effect on the segment after yielding, the value of frs/frs is the
most important parameter that improves the performance at the ultimate state, especially when it is larger than 0,9,
a stress-hardening behavior will be exhibited, which means the material has good ductility, consequently, improves
the ductility of RC-FRC segment.
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Figure 14. The curves of the segment ductility versus different parameters
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The influence of different parameters on the mechanical performance of RC-FRC segments is summarized in
Table 5. Both the reinforcement area and the value of fr: have a noticeable impact on bending stiffness, crack
width, yield load, and ultimate load, but a negligible effect on ductility. The reinforcement area has negligible
influence on the safety reserve, whereas the value of fr1 has a considerable effect. The ratio of frs/fr1 has negligible
influence on bending stiffness, crack width, and yield load; however, when it exceeds 0,9, it has a noticeable
impact on ultimate load, safety reserve, and ductility.

Table 5. The degree of influence of different parameters on the mechanical performances of segments with rebars
partially replaced by FRC

Stiffness | Crack width | Yield strength Ultimate strength Strength reserve Ductility
Rebar area|Noticeable| Noticeable | Noticeable Noticeable Negligible Negligible
fr1 Noticeable| Noticeable | Noticeable Noticeable Noticeable Negligible
L L . Noticeable when it is | Noticeable when it is | Noticeable when it is
fra/fr | Negligible| Negligible | - Negligible larger than 0,9 larger than 0,9 larger than 0,9

In addition, the safety reserve of RC-FRC segments is consistently no lower than that of RC segments. However,
for bending stiffness, yield load, ultimate load, and ductility, both higher and lower situations appear. This indicates
that there exists an optimal combination of reinforcement area and residual strengths for RC-FRC segments, under
which all mechanical properties can meet or exceed those of RC segments.

Considering the influence of FRC residual strengths on segment performance, it is recommended to select FRC
with a relatively high fr1 and a fra/frs ratio larger than 0,9. This combination can effectively enhance the overall
mechanical performance of the structure. The larger the frq, the more rebars can be replaced, and the more fibers
are needed. However, since the costs of rebars and fibers differ, designers should consider both the improvements
in mechanical properties and the associated cost. By weighing these factors, they can determine the optimal fr1
value.

5. CONCLUSION

Based on the verification of the numerical model against experimental results, a parametric analysis of the
mechanical performance of RC-FRC segments was conducted using an optimized trilinear tensile constitutive
model for FRC. The following conclusions can be drawn:

1) The optimized post-cracking trilinear constitutive model for FRC more accurately captures the mechanical
behavior of structural FRC under small crack widths and is, therefore, more suitable for evaluating the performance
of FRC structures at the serviceability limit state.

2) With increasing reinforcement area, the bending stiffness, yield load and ultimate load of RC-FRC segments
with rebar partially replaced increase approximately linearly, while the maximum crack width decreases. However,
the safety reserve and ductility are negligibly affected.

3) With increasing fr1, the bending stiffness, yield load, ultimate load and safety reserve of RC-FRC segments
with rebar partially replaced increase approximately linearly, and the maximum crack width decreases. The
ductility is negligibly affected.

4) The ratio of fra/fr1 has a negligible effect on bending stiffness, maximum crack width, and yield load.
However, when it is larger than 0,9, the ultimate load, safety reserve, and ductility of the RC-FRC segment are
significantly improved due to the stress-hardening behavior of FRC.

5) It is recommended to use FRC with a relatively high fr; and a frs/fr1 ratio larger than 0,9 in structural
applications to maximize the mechanical performance of the RC-FRC segment with rebar partially replaced.

There is an optimal combination between the remained reinforcement area and the residual strengths of FRC
in RC-FRC segments. Further research is needed to determine this optimal combination.
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Abstract: Jet grouting is a well-established and versatile ground improvement technique widely used to enhance the
mechanical performance of weak or heterogeneous soils. It has proven effective across diverse soil conditions, motivating
further experimental and parametric characterization. While sustainability goals have encouraged the use of eco-friendly
additives, cement-based mixtures remain predominant due to their adaptability and reliable performance. Despite its widespread
application, the mechanical behavior and failure mechanisms of in-situ jet grout columns have received limited experimental
investigation, especially under uniaxial loading. This study explores the potential of Digital Image Correlation (DIC) as an
advanced, non-contact optical technique for measurement of full-field displacements and strains on the surface of an object and
fracture behavior during mechanical testing. Although DIC is more or less regularly used for concrete, natural rock, and
composites, its application to jet grouting materials is rarely reported. Core samples were obtained from an active construction
site, specifically from a coarse-grained soil layer, and were subjected to laboratory testing to evaluate key mechanical
parameters such as: compressive strength, stiffness, and stiffness-to-strength ratios. The experimental approach aims to assess
material variability and evaluate the relevance of standard modulus-based design parameters. The findings contribute to a
deeper understanding of jet grout behavior and demonstrate the value of DIC as a complementary method for the performance
assessment and design verification of jet grouted systems in coarse-grained soils.

Keywords: jet grout, digital image correlation, uniaxial strength, modulus

1. INTRODUCTION

Soil improvement techniques have become an essential component of modern geotechnical engineering,
particularly in the construction of foundations, excavation support systems, and seepage control barriers in
challenging ground conditions (Croce et al., 2014; Nicholson, 2015). Among these techniques, jet grouting has
emerged as one of the most versatile and widely applied methods, thanks to its capacity to improve soil properties
and address a broad range of geotechnical challenges (Croce et al., 2014; Tinoco et al., 2011). Despite its extensive
use, the technology’s complex behavior and associated uncertainties often remain poorly understood by many
practitioners, leading to both underutilization and misapplication (Toraldo et al., 2018).

Jet grouting is an in-situ mixing process in which a cement-based grout is injected into the soil at high pressure
(300-600 bars) through small-diameter nozzles located at the end of a drill string (Croce et al., 2014; Nicholson,
2015; Wang et al., 2013; Tinoco et al., 2011; Akin, 2016). The high-velocity jet cuts and erodes the soil,
simultaneously mixing it with grout to create soil-cement columns with improved mechanical and hydraulic
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properties (Wang et al., 2013; Nicholson, 2015; Croce et al., 2014). Depending on the system used, jet grouting is
generally classified into single-fluid, double-fluid, and triple-fluid systems, each varying in terms of erosion
efficiency and mixing capabilities (Croce & Flora, 2000; Croce et al., 2014; Tinoco et al., 2011).

Despite its extensive application in practice, the mechanical behavior and failure mechanisms of jet-grouted
columns have been the subject of limited experimental investigation. The behavior of jet-grouted soilcrete is highly
dependent on numerous variables, including soil type, operational parameters (e.g., injection pressure, nozzle
diameter, grout composition), and environmental conditions (Correia et al., 2009; Toraldo et al., 2018; Akin,
2016). Previous studies have demonstrated that the physical and mechanical properties of jet-grouted columns,
such as: uniaxial compressive strength, unit weight, porosity, and stiffness, are significantly affected by both the
granulometric characteristics of the treated soil and the jet grouting process parameters (Croce & Flora, 2000;
Akin, 2016). A particularly important aspect of jet grouting is the variability in the strength and stiffness of the
produced columns, which often requires site-specific testing and empirical correlations for design purposes
(Tinoco et al., 2011; Toraldo et al., 2018).

In recent years, increasing attention has been given to the use of non-destructive techniques as reliable
indicators for assessing the quality and mechanical properties of soilcrete. Among these, Digital Image Correlation
(DIC) has emerged as a valuable tool, offering full-field strain measurements with high spatial resolution and
providing detailed insight into localized deformation and fracture behavior that are difficult to capture with
conventional instrumentation such as LVDTs (Linear Variable Differential Transformer) or strain gauges.

With the aid of DIC static modulus of elasticity of compressed concrete can be accurately obtained, in
reasonable comparison to the LVDT method (Loh et al. 2022). This method enables additional observations, such
as characterization of the cracking patterns, impossible to be performed using only LVDT method. The stress field
obtained by the DIC test showed that the cracking modes of the mortar and concrete specimens were different
(Zhang et al. 2022): concrete specimens cracked from the center, and mortar specimens cracked from the edge,
which could affect the reliability of the tensile strength calculation of mortar specimens. There have been also
reported data acquisition based on the StereoDIC in uniaxial compression testing of rock cores. The authors point
out the positive effects of such approach, including: full field shape, deformation and strain fields on the surface
of the specimen, almost no need for specimen preparation (other than applying the group of dots on the surface),
possibility to avoid areas of local disturbances and failures, acquisition of a larger amount of data compared to
conventional methods, enabling proper statistical analysis in estimating the desired properties (Abdulgader et al.,
2020). Another study (Lingga et all, 2019) has shown relatively small mean differences of 5.1% and 14.5% in
lateral and axial strain measurements of concrete samples, in comparison to conventional LVDT and string
potentiometer methods. The authors reported that the placement of point of interest is greatly influencing the 3D-
DIC’s generated elastic properties, and strongly recommended a comprehensive analysis what to examine on the
specimen, prior to the experiment. Although widely applied in materials science, the application of DIC to jet
grouting materials remains limited.

The objective of this study is to investigate the mechanical behavior of jet-grouted material formed in a gravelly
sand stratum through uniaxial compression testing combined with DIC strain monitoring. Core samples were
extracted from an active construction site. The experimental program focuses on evaluating key mechanical
parameters such as uniaxial compressive strength (UCS), Young’s modulus, and stiffness-to-strength ratios (B).
Special attention is given to capturing the stress-strain response and characterizing potential variability in stiffness
and strength. The outcomes are discussed in the context of existing literature to assess the applicability of standard
modulus-based design approaches and to explore the advantages of using DIC in the evaluation of jet grout
performance under field conditions.

2. MATERIALS AND METHODS

The samples analyzed in this study were collected from the construction site of the National Football Stadium
located in Surcin, Serbia. During the installation of bored piles, localized soil collapse of the surrounding ground
was observed, which indicated inadequate stability of the soil mass. As a remedial measure, jet grouting was
applied as a ground improvement technique to enhance both the strength and stiffness of the weak and
heterogeneous subsurface layers and to ensure the safe continuation of piling works.

According to the geotechnical report prepared by Geomehanika DOO (2023), the geological profile at the site
consists of the following layers:

e Humus (h) - humus and humified dust, with plant root remnants and organic matter. The layer
thickness is approximately 0.70m locally and up to 1.10m. This layer was removed during the
construction of the facilities.

e Silty - sandy clay (pr) - yellow-brown silty (loess-like) material with the presence of sandyclayey
material.
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e Silty Sand (p-pr) - sandy material, yellow-brown in color, limonitic, fine-grained, watersaturated.
With increasing depth, a change to gray-brown color, well-cemented, well-granulated.

o Silty Clay (pr-gl) - silty clayey material, yellow to brown in color, moderately plastic, moderately
compressible. With increasing depth, the percentage of sandy fraction in the mass increases.

e  Gravelly Sand (p*) - sandy-silty material with the presence of fine-grained gravel in the matrix. Gravel
clasts up to 5 cm, well-compacted layer, gray to brown in color, fine to medium-grained sand.

o Silty Clay (gl-pr) - brown to brownish material, hard consistency, slightly compressible. The material
exhibits moderate to high plasticity.

Although jet grouting was carried out in both silty sand and gravelly sand, this paper focuses only on the
investigation of columns formed in the gravelly sand layer. The same report indicates that the gravelly sand layer
is found at depths between 20 and 26 meters. This layer is characterized by an internal friction angle of 35—40°,
cohesion of 02 kPa, bulk density of 18.8—19.0 kN/m?, and natural moisture content ranging from 6.6% to 30.8%.

To assess the uniaxial compression performance of jet-grouted material, the Digital Image Correlation
technique was performed. Digital Image Correlation (DIC) is a non-contact optical measurement technique used
for measuring full-field displacements and strains on the surface of an object. The DIC method is based on
analysing the changes in the pattern of a specimen's surface between sequential images by using correlation
algorithms. By comparing subsets of pixels from the undeformed and deformed images, DIC can determine how
points on the surface have moved, enabling precise calculations of displacement and strain.

Digital Image Correlation is the leading optical measurement method. This method is widely used in various
materials and structural testing within most industry segments, in research and development at universities and
research facilities, due to its accuracy, versatility, and ability to capture complex deformation behaviour in real-
time. The DIC has several advantages over traditional measurement techniques such as strain gauges,
extensometers and displacement transducers. It provides a full-field strain map, enabling detection of strain
heterogeneity and localised effects. As a non-contact measurement technique, it eliminates a mechanical
interaction with the specimen under testing, reducing the potential measurement errors or damage to the specimen
surface. Modern DIC systems are robust and handle rough or uneven concrete surfaces more effectively than
traditional sensors. A significant advantage of DIC is post-processing capability. It allows reprocessing the same
data and refining the analysis without repeating the physical test, flexible and advanced data extraction, enhanced
visualisation of deformation of the specimen under test and integration with other data sources data such as force
data, thermography or acoustic emissions, as shown in Figure 1.

Figure 1. Testing experimental setup and one of the cracking patterns of the specimen

3. LABORATORY TESTING AND RESULTS

Eight core @70/H70 samples of the jet grouting columns were taken by core drilling of the jet columns at the
depth of 20 m to 26 m, and prepared in the labora