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Abstract

Urban underground infrastructures (UUIs) are a vital component of built capital for urban sustainability. However, many cities are
now home to a multitude of disused or underutilized UUTs, not least aged purpose-built underground facilities, causing a waste of valu-
able underground space resource assets. In the process of urban renewal, adaptive reuse can be an attractive solution to breathe new life
into underutilized UUIs, while addressing some of the modern problems of the built environment by an economically feasible means.
Nevertheless, there is a prevalent absence in the current literature of the overarching planning and decision-making approaches for
an adaptive reuse development of underutilized UUIs. With the intention of addressing this shortfall, this paper first lays out develop-
ment strategies, then sets the generic patterns for adaptive reuse of disused or underutilized UUIs. Taking the city of Qingdao, China as a
case study, detailed planning and decision-making approaches with the aid of multi-source data and spatial analysis tools are presented.
It is anticipated that the findings of this research will assist the adaptive reuse development of UUTIs in providing theoretical guidance and
empirical evidence, thereby enhancing the role of urban underground space use in contributing to urban revitalization and urban

sustainability.
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1 Introduction

Urban underground infrastructures (UUIs) refer to arti-
ficially excavated physical space beneath the ground level
of a city (Bobylev, 2009, 2016; Peng et al., 2021), generally
taking the structural forms of tunnels, building basements,
caves and other independent underground structures. As a
vital component of urban underground space, which
should be defined as the entire geospace beneath the
ground level and contains various resource assets (Qiao
et al., 2022a), UUTIs facilitate sustainable urban develop-
ment in a range of ways (Peng et al., 2021; Qiao et al.,
2019), serving a city primarily for car parking, transport,
utilities and communications, public service, shelters, stor-
age, etc. For this sake, the building stock of UUIs keeps
growing in densely populated metropolitan areas.
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With the rapid social development and economic
restructuring, however, more and more UUIs cannot keep
pace with changing urban needs. In particular, the UUIs
initially assigned to commercial purposes suffer the greatest
impact in the recent decades following the e-commerce
boom and the consumption upgrading, gradually becom-
ing outmoded and obsolete. Additionally, UUIs are diffi-
cult to be removed to rehabilitate the occupied and the
surrounding underground space to its original state
(Ronkd et al., 1998; Vihdaho, 2013). As a consequence,
many cities are now home to a growing multitude of dis-
used, abandoned or underutilized UUIs, causing a waste
of valuable underground resource assets. Particularly for
the blighted urban areas that are undergoing a process of
urban renewal to recover their centrality, the hindering
effects of such an infrastructure waste on urban revitaliza-
tion are further amplified given such development con-
straints as land scarcity, limited budget and resources
(Mohamed et al., 2017).
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Representative among underutilized UUIs are disused
mines, abandoned railway or metro stations and tunnels,
and aged underground civil defense facilities. Development
of such facilities on a massive scale across the globe dates
predominantly from the 1930s, generally situated in strate-
gic locations (e.g., densely populated city centers in those
years) in order for a larger population coverage. Back then,
these facilities did play an important role in urban develop-
ment, either in terms of economic development or emer-
gency preparedness. Over time, however, they are
gradually being decommissioned and falling into urban
predicament. Taking China as an example, a nationwide
mass movement brought up large shares of purpose-built
underground facilities from the 1960s to the 1980s, then
the strategic priority of China’s underground space use
shifted to dual purpose usage, i.e., encouraging purpose-
built underground facilities to serve for economic develop-
ment, such as shopping, parking and utility. In particular,
the shift to commercial uses achieved great success in the
1990s (Fig. 1(a)) and the early 2000s. Signature projects
include Longshan Mall located in Qingdao, which at its
prime accommodated over 400 commercial tenants within
a total floor area of around 37 000 square meters. The
underground commercial boom was largely derived from
the under-developed commodity economy of China by
then. At that time, few Chinese cities owned shopping com-
plexes and few Chinese families had air conditioners, which
was also the case of Qingdao. For this reason, local resi-

dents were more willing to dive into the underground
megamall featured with high-end fashion apparel and rela-
tively comfortable indoor environment. When entering the
2010s, however, the popularity of such underground pro-
jects, particularly among young people, dwindled rapidly
due to multiple reasons. First, the business climate in Chi-
nese cities was significantly improved since 2000 with rapid
economic growth, which nourished a large number of fancy
shopping centers with sufficient comfort levels and intro-
duced a series of international high-end brands to Chinese
metropolis like Qingdao. Second, online shopping and e-
commerce was booming during this period. Third, young
people were gradually migrating from old cities to newly-
built urban centers. In contrast, the disadvantages of
underground shopping malls were further exposed, e.g.,
the dark, damp and poorly ventilated indoor environment,
bad transport accessibility, and low price transparency and
price discrimination. Consequently, Longshan Mall turned
gradually into a low-end apparel shopping place (Fig. 1
(b)), only for middle-aged and elderly people who had
not got used to online shopping while still having special
feelings to the once landmark since their youth, and was
completely shut down at the end of 2017 (Fig. 1(c)).

As such, many aged UUIs in China are now faced with a
dilemma of obsolescence. For instance, the percentage of
disused or underutilized purpose-built underground facili-
ties built before 1980 exceeds 70% in Chongqing, China
(Wu & Deng, 2013). In terms of floor area, the total

(©
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Fig. 1. Adaptive reuse process of Longshan project from a shopping mall into a car park. (a) Boom period as a shopping mall in 1990s (Source: https://
mp.weixin.qq.com/s/TuTaaaoYBQ27p4JSyR-ekg), (b) decay period as a shopping mall (2012), (c) shut down (2017) and reconstruction (2021), and (d)

adapted into a car park (2022).
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amount of such facilities in Shanghai even reaches nearly
700 000 square meters, mainly distributed in the central
urban area (Gao et al., 2019). In the meantime, the decay
of Longshan Mall also mirrors that of the old cities where
underutilized UUIs are densely located. As urban fabric is
restructured, old cities or historic areas now face multi-
faceted problems, e.g., traffic congestion, public leisure
facility scarcity, environmental degradation and economic
depression. In the process of urban renewal and revitaliza-
tion, land scarcity is considered the bottleneck for such
deprived but built-up areas. In this context, the value of
underutilized UUIs is highlighted, and more attention is
paid to this building capital in the quest for a viable solu-
tion to revitalize old cities.

As regards the utilization of existing building stock for
urban revitalization, adaptive reuse is one of the most pre-
vailing practices in the process of urban renewal. Adaptive
reuse refers to any intervention made to repurpose an old
site or building for a new use other than what it was built
or designed for (Douglas, 2006). When building stock has
become obsolete, adaptive reuse can be the perfect way
to suit old buildings to new conditions or requirements,
while conserving resources and historic value and improv-
ing the economic, physical, social and environmental con-
ditions of deprived areas (Vardopoulos, 2019). For such
reasons, adaptive reuse of existing building stock can be
an attractive alternative to new construction in terms of
sustainability and a circular economy (Mohamed et al.,
2017).

This prevailing architecture approach, i.e., adaptive
reuse, offers a way to breathe new life into the underutilized
UUIs. Taking again the Longshan project for instance, the
decommissioned shopping mall has been reprogrammed
and converted into an underground car park accommodat-
ing up to 256 cars in 2022 (Fig. 1(d)), which significantly
alleviates traffic congestion and parking space shortage of
its surroundings. Meanwhile, the number of such successful
adaptive reuse cases of disused or underutilized UUIs
keeps growing in cities worldwide. However, there are still
some failure cases that did not derive the expected benefits.
This is largely because most of the present knowledge and
information about the adaptive reuse of underutilized
UUISs are case specific, thus cannot be directly learned from
by other cases or other cities. To date, many jurisdictions
such as Singapore (Tan et al., 1999) and Helsinki (Korpi
& Anttikoski, 2004) have paid enough attention to the dual
use of purpose-built underground facilities as rail transit or
commercial purposes. Theoretically, tentative research has
been performed to uncover the reuse values, principals and
modes of underutilized UUIs. For example, Wu (2014) has
qualitatively analyzed the adaptative reuse values of under-
ground shelters from the perspectives of interior environ-
mental physiology, behavior psychology and business
modes. Taking a case of a disused tunnel adapted into a
utility tunnel as an example, Gao et al. (2019) put forward
the basic principles of reusing disused UUIs. Zhao and Liu
(2019) and Huang et al. (2020) summarized the potential

uses for underutilized UUIs, including underground com-
mercial and recreational purposes, rail transit, car parking,
underground road, municipal facilities, storage and logis-
tics, and utility tunnels. It is clear, however, that there is
a prevalent absence in the current literature of the overar-
ching and systematic planning strategies for an adaptive
reuse development of underutilized UUIs, which requires
at least the generic adaptive reuse patterns for underuti-
lized UUIs to be considered, suitability assessment based
on various conditions, and layout planning and planning
assessment approaches. In the meantime, considering the
substantial funds to be invested and the increasing needs
to revitalize blighted neighborhoods for cities with large
scale disused or underutilized UUTSs, it is imperative to pro-
vide hands-on guidance for decision-makers and planning
practitioners regarding the adaptive reuse of underutilized
UUIs. Toward this objective, this paper will first set up a
stepwise framework of the overarching and systematic
strategies for the adaptive reuse of underutilized UUIs in
Section 2, which will focus on descriptive analysis rather
than technical details. Key issues in the adaptive reuse
development process of underutilized UUIs will be elabo-
rated in subsequent sections, including generic adaptive
reuse patterns in Section 3 and detailed technical
approaches for adaptive reuse planning of underutilized
UUISs in Section 4, while using the city of Qingdao, China
as a case study. It is anticipated that this research will assist
the adaptive reuse development of underutilized UUIs in
providing theoretical guidance and empirical evidence,
thereby enhancing the role of urban underground space
use in contributing to urban revitalization and urban
sustainability.

2 Adaptive reuse strategies for underutilized UUIs

In general, the strategies for an adaptive reuse develop-
ment planning of underutilized UUlIs involve five major
steps as shown in Fig. 2, including material analysis and
field inspection, engineering quality assessment, identifica-
tion of disposal modes and adaptive reuse patterns, assess-
ment of urban needs and adaptive reuse potential, and
planning layout and planning assessment.

Step 1: Material analysis and field inspection

This step aims to collect and collate pertinent informa-
tion about underutilized UUIs for the follow-up assess-
ment and planning steps. Since some UUIs may have
been abandoned for several decades when the management
sectors were likely to be different from the current ones, the
material analysis should rely on a range of sources gathered
from various sectors. The material sources usually include
but are not limited to city-level emergency services sector,
construction sector, planning sector and the corresponding
sectors at district or subdistrict levels. Material analysis can
provide basic design information about underutilized
UUIs, such as location, buried depth, structure form, con-
struction method, infrastructure layout, dimension (width
and height), built purposes and corresponding operators.
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STEP 1: MATERIAL ANALYSIS AND FIELD INSPECTION

Material analysis

Field inspection

-Location

-Buried depth

-Structure form

-Construction method
-Infrastructure layout
-Dimension (width and height)
-Wartime and peacetime use
-Operating sectors

4

STEP 2: ENGINEERING QUALITY ASSESSMENT

-Collation of material Information

-Current status of structures

-Construction material

-Equipment conditions

-Leakage

-Temperature and humidity

-Openings

-Geological conditions of the surrounding strata

Structural safety evaluation

Defense capability evaluation

-Three assessment levels: Component level, unit level and project level

-Two assessed Parts: Main body and openings
-Rating I: with serious safety risks

-Rating II: with relatively intact main body but insufficient to meet requirements of the designed purposes
-Rating IlI: with relatively intact main body that is sufficient to meet requirements of the designed purposes

4

STEP 3: IDENTIFICATION OF DISPOSAL MODES AND ADAPTIVE REUSE PATTERNS

Disposal modes

Adaptive reuse patterns

-Being buried, closed or dismantled

-Adaptive reuse without considerations of original
designed purposes

-Adaptive reuse for peacetime and wartime dual use
projects

-Traffic

-Public service
-Municipal utility
-Warehouse

4

STEP 4: ASSESSMENT OF URBAN NEEDS AND ADAPTIVE REUSE POTENTIAL

-Determination of urban development needs

-Determination of urban underground space development demand
-ldentification of potential, economic feasibility and supply of disused underground infrastructures within the

area of urban needs

4

STEP 5: PLANNING LAYOUT AND PLANNING ASSESSMENT

Planning layout

Planning assessment

Fig. 2. A framework of developing adaptive reuse strategies for underutilized UUIs.

At best, a basic geographic information database of
underutilized UUIs can be built after material analysis,
which will facilitate the follow-up assessment and planning
steps. However, as most of the underutilized UUIs were
constructed during the mass movement period, the degree
of completion of these projects can be quite low when com-
pared with initial designs, not to mention that many pro-
jects were finished without designs. Therefore, the
collected information from material sources needs to be
collated via field inspections. Another important task for
field inspections is to investigate and record the current sta-
tus of structures, material, equipment, leakage, tempera-
ture and humidity, stability of openings and the
geological conditions of the surrounding strata, which
should also be incorporated into the geographic informa-
tion database.

Step 2: Engineering quality assessment

The engineering quality of underutilized UUIs determi-
nes the supply potential of adaptive reuse. Only UUIs with

relatively intact main body structure are likely to derive
more benefits over costs through the conversion of under-
ground uses and the reinforcement of the main structure.
The engineering quality assessment of underutilized UUIs
mainly includes two aspects: structural safety evaluation
and service capability evaluation. In practice, the process
of engineering quality assessment involves at least three
levels and two parts. The three levels include component
level, unit level and project level, focusing respectively on
the engineering quality of key components, units that com-
pose the project, and the entire project. The two parts refer
to the main body and openings of the assessed project. The
assessment results of engineering quality of underutilized
UUIs can be customized into different ratings that are sub-
ject to management requirement. In general, the assessment
results can be roughly rated into three types: rating I —
UUTIs with serious safety risks, rating II — ones with rela-
tively intact main body but insufficient capability to meet
requirements of the designed purposes such as shelters,
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and rating III — ones with relatively intact main body that
is sufficient to meet requirements of the designed purposes
without or after certain reinforcement.

Step 3: Identification of disposal modes and adaptive
reuse patterns

Based on the engineering quality assessment results, the
disposal modes of underutilized UUIs generally have three
types responding to the aforementioned three ratings of
engineering quality. The UUIs assessed with rating I
should be buried, closed or dismantled if possible. The ones
with rating II can be scoped for adaptive reuse based on
urban needs and self-potentials without considerations of
the originally designed purposes. The ones (taking under-
ground shelters for instance) with rating I1I can be consid-
ered as dual use projects that need to fulfill emergency
preparedness requirements. For the underutilized UUIs
assessed with rating II and rating III, research should be
done to summarize the adaptive reuse patterns for such
projects to follow. This can be achieved by a thorough lit-
erature review or summarizing the widely recognized suc-
cessful cases in similar urban context.

Step 4. Assessment of urban needs and adaptive reuse
potential

As part of the urban underground space use, adaptive
reuse development of underutilized UUIs should satisfy
urban needs that vary with spatial location. Urban devel-
opment status of a specific location such as population,
traffic conditions, economic development level and future
urban planning visions determines local underground space
development demand (Peng et al., 2019; Dong et al., 2021;
Ma et al., 2022a, 2022b), which thereby should be regarded
as an important reference for the adaptive reuse develop-
ment of the underutilized UUIs beneath or around the
location. To put it simply, urban development needs pro-
vide rationales for the adaptive reuse development plan-
ning of underutilized UUIs in terms of reuse purpose,
development volume, spatial layout, etc. Therefore, prior
to mapping out an adaptive reuse development plan, we
should first identify the planning demand on underutilized
UUIs through an assessment of urban development needs.
Then we should assess the current status and building con-
ditions of the underutilized UUTs within the area of urban
needs to check if they have the potential and economic fea-
sibility to satisfy these needs or to what extent they can
serve to mitigate the needs, and determine the reuse pat-
terns for the targeted underutilized UUIs to follow.

Step 5: Planning layout and planning assessment

After identifying the development demand, supply
potential and reuse patterns, the planning for adaptive
reuse development of underutilized UUIs can be prelimi-
narily drafted. The drafted planning will then be assessed
to demonstrate that the planned underground infrastruc-
ture layout can completely or to a large extent address
urban development needs of the targeted area. The plan-
ning and assessment processes require technical supports
from various analysis tools and techniques depending on
the adaptive reuse purposes, such as traffic, public service,

municipal utility and warehouse. For instance, when
assessing the reasonability of underground road system
adapted from underutilized UUIs, a traffic flow analysis
aided by TransCAD software platform and a road network
assessment facilitated by the Space Syntax methodology
are necessary. A traffic flow analysis can predict the change
of traffic flow volumes of the road network before and after
UUI adaptation with a four-step process including trip
generation, trip distribution, modal split and assignment.
Derived from graph theory and network science, Space
Syntax can achieve topological analysis of an abstracted
road network by a series of indexes (Hillier, 2007). Among
these indexes, Integrity and Choice are the most important
ones for road network planning as they signify the to-
movement and through-movement potential of a segment
in a spatial system, respectively. In order to enable the
comparison between systems of different sizes, Hillier
et al. (2012) proposed a normalization procedure to mea-
sure Integrity and Choice by indexes of Normalized Angu-
lar Integration and Normalized Angular Choice computed
on the Depthmap software platform via Eqs. (1)-(4).

ATD(x) = gb(:dg(x,i), (1)
NAIN(x) = %, 2)
ACH(x) = Z(;_Zlf)—(l:(_’;] ) (k) (3)
e AT )

where ATD(x) denotes the total angular depth of seg-
ment x at radius of R; dy(x,i) represents the topological
angular distance between segment x and segment i within
radius R; NC is the number of segments within radius R;
NAIN(x) denotes the normalized Integration or Closeness;
ACH(x) represents the angular choice value for a seg-
ment x in a graph of n segments, i. e., the number of short-
est paths from i to j passing through segment x, where
a(i,x,j) = 1 if the shortest path from i to j passes
through x and 0 otherwise; NACH(x) denotes the normal-
ized Choice or Betweenness. The technical details of plan-
ning layout and planning assessment approaches will be
further elaborated in Section 4.

3 Adaptive reuse patterns of underutilized UUIs

This section establishes the generic adaptive reuse para-
digms, i.e., the patterns, for cities to breathe new life into
underutilized UUIs. The adaptive reuse patterns of
underutilized UUIs are derived from the exemplary prac-
tices worldwide in the same regard, which in general fall
into four broad categories as summarized in Table 1. traf-
fic, public service, municipal utility and warehouse. It
should be noted that the adaptive reuse of underutilized
UUIs is not just limited to the listed patterns, but can be
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Table 1
Adaptive reuse patterns of underutilized UUTIs.

Categories Subcategories Exemplary cases

Traffic Motor vehicle/ tunnels
Pedestrian/cycle tunnels
Rail transit

Car parks

Hotels

Catering and shopping
Cultural and tourist
attractions

Sports

Community centers

Public service

Municipal Utility tunnels
utility Pipelines
Warehouse Storage

Petrol stations
Farms

Jiefangbei CBD Underground Parking Link tunnels in Chongqing, China

Rhondda tunnel; Xiamen Hongshan tunnel; Meirenshan tunnel

Thames tunnel; tunnels of Metro Line 1 in Chinese cities of Harbin and Tianjin

Longshan car park in Qingdao, China; car park below Xujiahui Park in Shanghai

Beckham Creek Cave Lodge in Arkansas, USA; Shanghai Wonderland (Deep Pit Hotel)

Bunker-42 in Moscow; Soho Kingly Court in London; Cave hot pot restaurants in Chongqing, China
Victoria Tunnel in Newcastle, UK; Stockport Air Raid Shelters, UK; Dupond Underground, USA; The
Bunkermuseum and Berliner Unterwelten in Germany; Jianchuan Museum Cluster in Chongqing, China
House of Vans London; Beishan Winter Olympic skiing training base, China

Lowline Lab in New York; Digua Community in Beijing; cool-off venues in Chongqing, China

The first utility tunnel in London; utility tunnel under Zhaojiabang Road in Shanghai

Sewage pipeline under Chongning Road in Wuxi, China

SubTropolis in Kansas City; Cold storage for fruit, vegetables and seafood in Qingdao, China; Wine cellar
in Mount Qianfo, Jinan, China

Petrol stations in Chongqing, China

Growing Underground in Clapham, UK

any type of urban infrastructures if there are development
needs and suitable engineering conditions for adaptation.

(1) Traffic

Underutilized tunnels, particularly trunk tunnels, are
generally buried beneath mountains or hills, which can
break through these geological restraints or the anthro-
pogenic barriers such as viaducts and railways that hinder
urban traffic development by providing direct routes for
motor vehicles, bicycles and pedestrians (Qiao et al.,
2018a; Ma & Peng, 2018). Underutilized shelters, depots
and even tunnels close to the areas plagued by car parking
space shortage can be adapted into underground car parks.

(2) Public service

Underutilized UUIs can provide extra space to supple-
ment public service facilities for business, culture and his-
tory exhibition, sports and community centers that
provide leisure amenities such as cool-off venues, chess
room, chatting room and libraries. These facilities are usu-
ally more accessible to residents as they can be set directly
below the surface of a residential community. The unique
underground environment and development history can
be attractive to visitors. They can also provide an isolated
and enclosed environment for sports not to disturb the
nearby residents (Shan et al., 2017).

(3) Municipal utility

Underutilized tunnels are ideal space in terms of loca-
tion and dimension to house various utility pipelines so
as to reduce the social and environmental disruptions
caused during utility maintenance, renewal and upgrading
by trenching and patching operations (Matthews et al.,
2015; Zhang et al., 2021).

(4) Warehouse

UUTIs can provide a relatively constant temperature and
humidity environment (Working Group No. 4 and
International Tunnelling Association, 2000; Bobylev,
2009), which is favorable to the storage of fresh fruit, food
and vegetables, petrol and data. Also, the humid and dark
environment is beneficial for some shade-loving farm
crops, such as mushroom.

4 Planning an adaptive reuse development for underutilized
UUISs: Case study

Taking the city of Qingdao, China as a case study, this
section will introduce the general considerations and sup-
portive technologies in the master planning process for
the adaptive reuse development of underutilized UUIs. In
particular, this section will focus on the last two adaptive
reuse strategies for underutilized UUIs proposed in Sec-
tion 2, including adaptive reuse potential assessment and
planning layout approaches.

4.1 Adaptive reuse potential assessment of underutilized
UUls in Qingdao

As a coastal city in East China, the city of Qingdao is
the economic center of Shandong Province and one of
the most important harbor cities in China. The geological
conditions of Qingdao are generally favorable to under-
ground space development as its strata are mainly com-
posed of granite bedrock with rather low groundwater
table (Qiao et al., 2022b). Due to its special economic
and geographical location in the Northeast Asian region,
Qingdao has always been one of the key cities for emer-
gency preparedness, in which the use of underground space
has always been playing a significant role.

Keeping pace with the national development strategy,
large-scale construction of UUIs in Qingdao began since
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the 1960 s. These aged UUIs are widely distributed in the
eastern part of Qingdao, including three of the current
administrative districts shown in Fig. 3, i.e., Shinan Dis-
trict, Shibei District and Licang District. These facilities
were originally designed as purpose-built structures, such
as air raid shelters, emergency supply depots and evacua-
tion tunnels (including trunk tunnels and branch tunnels),
with a general layout form shown in Fig. 4.

When entering the 1980s, the city of Qingdao began to
explore dual uses of the existing large-scale purpose-built
underground facilities. The most representative project
was the aforementioned Longshan Mall, which entered
into peacetime service as a hotel in 1981 converted from
a purpose-built facility and then gradually repurposed into
an underground shopping mall since 1985. Other exem-
plary cases of dual purpose usage of aged UUIs in Qingdao
include a wine museum, several underground shopping
malls, underground car parks, utility tunnels and cold stor-
ages. However, many of originally repurposed uses of the
aged UUIs are now becoming obsolescent, leading to high
level of vacancies of these facilities. At the end of 2021, the

vacancy rate of the UUIs built before 1980s reached

approximately 80%. Overall, the underutilized UUIs in
Qingdao have the following features:

(1) Interior space dimensions

Underutilized UUIs usually took the form of inverted U
shape in cross section as shown in Fig. 4. However, the
interior space dimensions of underutilized UUIs vary in a
large range. For instance, trunk tunnels are generally
around over three meters both in width and height, and
branch tunnels are smaller in space scale with a width of
nearly two meters and a height of less than three meters,
while the interior space of shelters and depots are in the
order of up to 20 m wide by up to 10 m high. The openings
to vehicular traffic of these facilities allow the entrance of
trucks, but that to the general public are relatively smaller.
The dimensions of interior space can to some extent deter-
mine the adaptive reuse potential of underutilized UUIs
because different uses have different needs for space.

(2) Engineering quality

Most of the underutilized UUIs in Qingdao are built as
part of urban preparations for wars that seemed ready to
break out at any time in the 1960s. The mass movement
that was launched in haste to construct as many shelters
as possible to protect unarmed civilians from the effects
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Fig. 3. Distributed area of UUIs built before 1980s.
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E Trunk tunnels

Fig. 4. A general layout form of UUIs built before 1980s.

of attack implies that the engineering quality of the built
infrastructures were unable to be guaranteed. In fact, it
was not until the mid-1970s that underground construction
steadily improved in quality as state-established design and
construction standards became available. These under-
ground works were thankfully never needed for their
intended purpose. However, it is not a contributing factor
to the maintenance of engineering quality of these facilities.
As the likelihood of war decreases over time, such under-
ground works appear less significant in urban develop-
ment. Moreover, the low peacetime usage means that
these purpose-built facilities lack regular and standard
maintenance and repair. Consequently, many underutilized
UUIs are currently facing the problems of structural failure
and water leakage, particularly for those built before the
mid-1970s. According to the Administrative Measures for
the Use and Maintenance of Aged Underground Infras-
tructures issued by the Qingdao government in 2014, the
engineering quality of underutilized UUIs in Qingdao can
be divided into six categories as listed in Table 2.

(3) Spatial distribution

From a macroscale perspective, the underutilized UUIs
are mainly located in Shinan District, Shibei District and
Licang District of Qingdao as shown in Fig. 3. In terms
of specific locations, they are allocated close to or directly
beneath the then densely populated city centers back in the
1960s and 1970s. Following the economic boom since the
1990s, the socio-economic centers of Qingdao gradually
moved from the southwest to the east and the northeast
of the city. This process left the old city centers declining,
and at the same time also led to the obsolescence of the
aged UUIs.

To eliminate the disparities in urban development, the
city of Qingdao is seeking to revitalize these old city cen-
ters, especially the historic areas. The historic areas are
now facing multi-faceted problems, e.g., parking space
shortage, traffic congestion, public facility scarcity, envi-

E Branch tunnels

I:l Shelters or depots

ronmental degradation and economic depression. The most
pressing and foremost problem is the acute shortage of
parking space, which to some extent has resulted in and
is exacerbating other urban problems such as traffic con-
gestion and environmental degradation. However, address-
ing this problem is not a small task. On one hand, the
requirements of historic areas to preserve the city-scape
and landscape place great pressures on the supply of extra
parking space. On the other hand, the number of motor
vehicles in such areas is anticipated to grow in the next
few decades (Ma & Peng, 2018). In such context, under-
ground solutions are considered as a viable way to recon-
cile the conflicting demands of conservation and
development (Qiao & Peng, 2016; Valdenebro & Gimena,
2018; Qiao et al., 2018b). Even so, it should be noted that
new construction of underground works in built-up areas
such as the historic areas of Qingdao is rather costly for fis-
cal resources, and is likely to bring structural damages to
listed buildings. In contrast, the adaptive reuse of underuti-
lized UUTIs is not only feasible but also favorable both eco-
nomically and technically. In addition, the densely
distributed spatial locations of underutilized UUIs well
match the places in urgent need to address urban problems,
such as the shortage of parking space shown in Fig. 5.
Additionally, as will be elaborated in the following Subsec-
tion 5.1, the extension directions of trunk tunnels and
branch tunnels are in line with the spatial connections
between the historic urban area and other urban centers,
which are currently suffering from increased traffic conges-
tion during peak hours. The spatial distribution factor fur-
ther enables the potential of underutilized UUIs to address
the plagued urban problems of the historic urban area of
Qingdao.

4.2 Adaptive reuse planning layout of underutilized UUIs in
Qingdao

As introduced in the preceding sections, the develop-
ment of the historic urban area of Qingdao, particularly
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The main body maintains a good engineering quality. The interior is clean and there is no leakage. Equipment facilities related to
ventilation, water, electricity, fire control and airtight blast doors are complete and operate normally. Entrance and exit roads are clear.
The main body and the openings can enter service without reinforcement and reconstruction, and can have peacetime uses.

The main body maintains a qualified engineering quality. The interior is clean and there is no leakage. Equipment facilities related to
ventilation, water, electricity, fire control and airtight blast doors are basically complete and can operate normally after slight
maintenance. Entrance and exit roads are clear. The main body and the openings can enter service after slight maintenance, and basically

The main body maintains a qualified engineering quality. The interior is clean but there is local leakage. Equipment facilities related to
ventilation, water, electricity, fire control and airtight blast doors are basically complete and can operate normally after maintenance.
Entrance and exit roads allow a vehicle to pass. The main body and the openings can enter service after maintenance, and can be assigned

The main body maintains a qualified engineering quality. There is local leakage. Equipment facilities related to ventilation, water,

electricity, fire control and airtight blast doors are not installed in place. There are road accesses to entrances and exits. The main body and
the openings can meet the protection standards after reinforcement and reconstruction, but do not have the conditions for peacetime uses.
The main body was not completed according to the design and do not have the conditions for wartime protection and peacetime uses, but

Table 2
Rating categories of engineering quality of underutilized UUIs in Qingdao.
Categories Descriptions
I
II
have the conditions for peacetime uses.
111
to peacetime uses when necessary.
v
\%
the construction can be continued after assessment.
V1

The main body is less than 1000 square meters in floor area or was not completed according to the design, and does not have the conditions
for wartime protection and peacetime uses, and the assessment showed that there are no values of the continued construction. There are
safety hazards and no conditions for quality improvement.
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Fig. 5. Geographical relation between underutilized UUIs and shortage of parking space.

the Zhongshan Rd. Historic Area, is in urgent need of
viable solutions to address the urban development prob-
lems. As a matter of fact, multiple efforts have been
devoted to providing such solutions by various sectors,
including the master planning of underground space devel-
opment for the entire city (Zhao et al., 2016), underground
space planning for Shinan District (Qiao et al., 2018a), and

urban renewal planning for the historic urban area. In the
previous efforts, however, the reuse of underutilized UUIs
was often neglected, largely due to the limited access to the
relevant information and administrative barriers to dispose
these facilities. To fill this gap, the local government
embarked on an adaptive reuse planning program for the
underutilized UUIs in Qingdao. This planning program
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mainly focused on how to reuse the underutilized UUIs to
address the urban problems of traffic congestion, shortage
of parking space and paucity of public service infrastruc-
tures, corresponding to two of the four types of adaptive
reuse patterns presented in Section 3, i.e., underground
traffic facilities, and underground public service facilities.
Based on this planning program, this section will introduce
the planning considerations and supportive technical
approaches for the adaptation of underutilized UUIs to
underground traffic facilities and underground public ser-
vice facilities.

4.2.1 Adaptive reuse planning of underutilized UUIs for road
tunnels

The current traffic conditions of Qingdao have been
thoroughly introduced by Ma and Peng (2018), in specific
terms of increasing internal road traffic demand, imperfect
road network, job-housing imbalance and conflicts of
pedestrian and motor vehicles. It can be seen from the cur-
rent traffic conditions shown in Fig. 6, that the road con-
nections between the Zhongshan Rd. Historic Area and
other core areas, such as Middle Hong Kong Rd. CBD
Core Area, International Cruise Terminal Area, Shibei
CBD Core Area and Taidong Commercial Area, are rather
limited and facing severe traffic congestions under the cur-
rent road network.

In the directions of the connections between the historic
urban area and the surrounding core areas, there are
underutilized trunk tunnels and branch tunnels that can
be considered to supplement the current road network
toward more smooth connections. Following the adaptive
reuse of underutilized evacuation tunnels for peacetime
road tunnels as shown in Fig. 7, the upgraded road net-

International Cruise
Terminal Area

250

work is deemed to be better structured as there are intu-
itively more east-west and south-north route options that
link directly the Zhongshan Rd. Historic Area with other
urban centers, thereby alleviating traffic pressures on sur-
face and elevated expressways and artery roads. In the pre-
liminary stage, the adapted road tunnels were all planned
as artery road with four two-way lanes and a speed limit
of 60 km/h. In addition to the adaptation of underutilized
evacuation tunnels, there is also a need of a newly-built
east-west tunnel that is planned to run through Taiping
Mountain to connect the Zhongshan Rd. Historic Area
and the Middle Hong Kong CBD. To confirm the intuitive
judgements, traffic flow analysis and road network analysis
can be resorted to for quantitative planning assessment.
With the aid of TranCAD software platform, a traffic
flow analysis was performed to predict the change of traffic
flow volumes of the road network before and after the
adaptation of underutilized evacuation tunnels into artery
roads, focusing on the traffic volume change of peak hours
in the morning. The modelled area was expanded to three
administrative districts, including Shinan District, Shibei
District and Licang District, in which the road network
and relevant spatial data (e.g., population, employment,
and model split) of traffic zones as shown in Fig. 8§ were
imported into the software platform. The traffic flow anal-
ysis result is shown in Fig. 9. It can be seen that the conges-
tion of major routes that hinder the connections between
the historic urban area and other urban core areas are pre-
dicted to be alleviated, particularly the east-west Jiaoning
Elevated Road and Taiping Road, and south-north artery
roads, signifying the effects of adapted underground artery
roads on attracting motor vehicle commuters. Meanwhile,
the increase of predicted traffic volume of east-west roads

Shibei CBD
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Fig. 6. Current road connection conditions between the Zhongshan Rd. Historic Area and other core areas.
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Fig. 7. Proposed adaptive reuse of underutilized tunnels for urban road tunnels.

Fig. 8. Road network (left) and spatial data of traffic zones (right) used in traffic flow analysis.

in Middle Hong Kong CBD also reflects the smoother con-
nections breaking through the block of Taiping Mountain.
Overall, it can be concluded that the adaptive reuse plan-
ning of underutilized evacuation tunnels into artery roads
is qualified to deliver the objectives of alleviating traffic
congestions and improving inter-connections of the historic
urban area. Besides, the planning configurations of the
adapted road tunnels, such as the number of lanes and
speed limits, can also be adjusted based on the predicted
traffic volumes.

The spatial configuration of the road network before
and after UUI adaptation was assessed by the Space Syn-
tax methodology via Eqgs. (1)-(4). As listed in Table 3,
the overall Choice of the road network is predicted to
decrease from 1.19 to 1.14 after the adaptive reuse develop-
ment, implying that the traffic congestion pressure on the
entire road network and backbone routes (e.g., Jiangsu

Rd., Jiaoning Elevated Road, Yan’an 3rd Rd., Shandong
Rd., Fuzhou Rd., Yanji Rd. and Weihai Rd.) is relieved.
Meanwhile, the results listed in Table 4 showed that the
overall Integration increases from 0.95 to 0.97, meaning
that the assessed areas, particularly the core area of Zhong-
shan Rd. Historic Area and the Middle Hong Kong
Rd. CBD Core Area, International Cruise Terminal Area,
Shibei CBD Core Area and Taidong Commercial Area,
will have higher accessibility after complementing the
artery road tunnels adapted from underutilized tunnels.

4.2.2 Adaptive reuse planning of underutilized UUIs for
underground car parks and public service facilities

Overall, the adaptive reuse planning of underutilized
UUIs in Qingdao gives priority to the use of underground
car parks as the shortage of parking space is widely
accepted as the primary urban problem to address.
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Fig. 9. Traffic flow analysis result of upgraded road network.

Table 3
Route choice assessment results of road network before and after the
adaptive reuse planning using Space Syntax methodology.

Roads NACH (R = 12 000 m)
Before After

Overall 1.19 1.14
Zhongshan Rd. 1.25 1.27
Jiangsu Rd. 1.13 1.12
Yan’an Ist Rd. 1.13 1.15
Jiaoning Elevated Rd. 1.35 1.34
Taiping Rd. 1.23 1.24
Jiangxi Rd. 1.22 1.23
Middle Hong Kong Rd. 1.23 1.23
Yan’an 3rd Rd. 1.24 1.23
Shandong Rd. 1.32 1.31
Nanjing Rd. 1.20 1.20
Fuzhou Rd. 1.24 1.23
Yanji Rd. 1.20 1.19
Weihai Rd. 1.19 1.16

Therefore, the adaptive reuse into underground public ser-
vice facilities could happen only if they are assessed to meet
the overriding decision criterion for such facilities. Other-
wise, the underutilized UUIs should be planned for car
parking uses.

In the case of Qingdao, the adaptive reuse development
planning of underutilized UUIs only involves three subcat-
egories of public service facilities, including catering and
shopping facilities, cultural and sport facilities, and com-
munity centers. The overriding decision criterion for these
three subcategories are different from each other.

In the context of vigorously competitive commercial
environment in Qingdao, the development of underground
catering and shopping facilities often relies on the develop-
ment status of surface commercial facilities, which means

that underground commercial facilities usually need to
use the agglomeration effect of regional commercial facili-
ties to maintain their vitality. The development value of
underground catering and shopping facilities can be high
only in the areas with vigorous commercial atmosphere.
Therefore, the adaptive reuse demand for underground
catering and shopping facilities is positively correlated with
the density of surface commercial facilities.

Planning considerations for underground cultural and
sport facilities are different from that for underground
catering and shopping facilities. Cultural and sport facili-
ties in a certain area are generally exclusive from each
other. From this point of view, the development of under-
ground cultural and sport facilities seems more reasonable
in areas short of such facilities. Therefore, the adaptive
reuse demand for underground cultural and sport facilities
is negatively correlated with the distribution density of sur-
face cultural and sport facilities.

Underground community centers, such as underground
cool-off venues, chess room, chatting room and libraries,
share similar planning considerations to underground cul-
tural and sport facilities, i.e., they should be developed in
areas short of such facilities. In practice, however, due to
the lack of direct spatial data access to community service
facilities, planning considerations for underground com-
munity centers need to convert to the perspective of resi-
dential facilities. In other words, it is reasonable to
perceive that the adaptive reuse demand of underground
community centers is positively correlated with the density
of residential facilities.

Considering that the development demand of these three
subcategories are all positively correlated with population
density, that is, areas with higher population density have
larger adaptive reuse development demand of underutilized
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Table 4
Route accessibility assessment results of road network before and after the adaptive reuse planning using Space Syntax methodology.
Roads NAIN (R = 12 000 m)
Before After
Overall 0.95 0.97
Zhongshan Rd. 1.10 1.14
(representing Zhongshan Rd. Historic Area)
Middle Hong Kong Rd. 1.26 1.27
(representing Middle Hong Kong Rd. CBD Core Area)
Yanji Rd. (representing Shibei CBD Core Area) 1.28 1.29
Weihai Rd. (representing Taidong Commercial Area) 1.22 1.22
International Cruise Terminal Area 0.96 1.09
UUIs, the population density should also be integrated The POI data should be normalized to derive the
into the planning decision criterion of these subcategories. demand indicators via Egs. (5)-(7) for the three public ser-
As analyzed above, we prepared the required point of  vice subcategories to enable reuse pattern choice among
interest (POI) spatial data, i.e., commercial facilities, cul-  different subcategory alternatives.
tural and sport facilities, residential facilities and popula- The demand indicator of underground catering and

tion distribution data as shown in Fig. 10, for the master  shopping facilities:
planning of adaptive reuse of underutilized UUIs for

underground public service facilities and underground car Std_Com, — Num-Com;
- i

Kks. - Max_Co.m , 5
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Fig. 10. Spatial data for adaptive reuse planning of underutilized UUIs for underground public service facilities and underground car parks. (a)
Commercial facilities, (b) cultural and sport facilities, (c) residential facilities, and (d) population distribution data.
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where Com; denotes the demand indicator of underground
catering and shopping facilities at the ith location;
Std_Comy; is the normalized value of commercial facilities
at the ith location; Num_Com);, is the number of commer-
cial facilities at the ith location; Max_Com is the maximum
number of commercial facilities of all spatial units within
the case study area; Pop_Density, represents the population
density at the ith location.

The demand indicator of underground cultural and
sport facilities:

Num_Amuy;
Std_Amu,- = Max_ Amu

__ Pop_Density; ’ (6)

Amu; = o

where Amu; denotes the demand indicator of underground
cultural and sport facilities at the ith location; Std_Amu; is
the normalized value of cultural and sport facilities at the
ith location; Num_Amu; is the number of cultural and
sport facilities at the ith location; Max_Amu is the maxi-
mum number of cultural and sport facilities of all spatial
units within the case study area.

The demand indicator of underground community
centers:

Table 5
Planning decision qualifiers of public service subcategories.

Std_Res; = Num=Res
Max_Res (7)

Res; = Pop_Density; x Std_Res;’

where Res; denotes the demand indicator of underground
community centers at the ith location; Std_Res; is the nor-
malized value of residential facilities at the ith location;
Num_Res; is the number of residential facilities at the ith
location; Max_Res is the maximum number of residential
facilities of all spatial units within the case study area.

The demand indicators for the three public service sub-
categories were then reclassified into six levels, denoted as
1 Com;, | Amu; and 1 Res;, respectively, ranging from 1
to 6 with higher values representing higher demands. Based
on the three reclassified values, the adaptive reuse purposes
of underground public service subcategories at any loca-
tion can be identified according to the planning decision
qualifiers listed in Table 5.

In this manner, the planned adaptive reuse purposes for
underground public service facilities and underground car
parks were determined. As the detailed planning needs to
be further reasoned, the current master planning can only
provide planning guidance for the follow-up detailed plan-

Qualifiers

Determined underground public service subcategories

1 Com; = 1_Amu; or | Com; =1 Res;
1_Com; is the largest value and 1 Com; > 5
1_Amu; is the largest value and 1| Amu; = 6
1 Res; is the largest value and 1 Res; > 5
. Amu; = 6 and 1 Res; = 6

Other scenarios

Disregard the value of 1_Com;

Underground catering and shopping

Underground cultural and sports

Underground community centers

Underground cultural and sports or underground community centers
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Fig. 11. Planning guidance at subdistrict level for underutilized UUIs.
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ning and architectural design processes. Therefore, it is a
better way to provide planning guidance for a larger spatial
scale rather than directly for the project scale of underuti-
lized UUIs. Based on the inference results of UUI project
scale weighted by project area, we derived the general plan-
ning guidance at subdistrict scale as shown in Fig. 11, in
which the legends can inform stakeholders the primary
and secondary adaptive reuse purposes of the underutilized
UUIs in each subdistrict.

Conclusion

Adaptive reuse of underutilized UUIs is playing an
increasingly important role in urban development, particu-
larly in the revitalization process of historic urban areas.
As part of the urban underground space development,
the adaptive reuse of underutilized UUIs requires well-
grounded planning. This paper aims to provide guidance
for the master planning of adaptive reuse of underutilized
UUIs. Toward this objective, this paper first established a
five-step adaptive reuse development planning framework
for underutilized UUIs, involving material analysis and
field inspection, engineering quality assessment, identifica-
tion of disposal modes and adaptive reuse patterns, assess-
ment of urban needs and adaptive reuse potential, and
planning layout and planning assessment. Then it derived
the generic adaptive reuse patterns of underutilized UUIs
from the exemplary practices worldwide, which include
such categories as traffic, public service, municipal utility,
warchouse and others. Taking the city of Qingdao, China
as a case study, this paper elaborated the significance and
adaptive reuse potentials of underutilized UUISs in revital-
izing the historic urban area, and illustrated the general
considerations and technical approaches in planning an
adaptive reuse development of underutilized UUIs.

However, it should be noted that this paper cannot suf-
ficiently express the detailed infrastructure information and
planning process, largely due to the difficulty to access such
information about aged UUIs. In addition, this paper can
only address part of the problems in the master planning
stage. When probing deeper into the detailed planning
and architectural design stages, considerable efforts are
expected to be devoted to specific projects in terms of engi-
neering assessment, structure reinforcement and recon-
struction, indoor atmosphere, fire safety, entrances/exits,
etc. Even so, we believe that this paper can provide a good
reference for cities with severe urban problems to address
in the urban renewal process.
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