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Abstract. Underground construction is becoming increasingly vital in the context of growing urbanization, a short-
age of undeveloped areas, and the need to preserve the natural environment. Building residential, public, and industrial
structures underground necessitates a thorough analysis of geological, geophysical, and hydrogeological conditions that
affect their safety, durability, and economic feasibility. This article examines the primary geological, geophysical, and
hydrogeological factors influencing the underground construction of residential, public, and industrial facilities. It as-
sesses their impact on site selection, structural features, and the safety of these facilities. The article highlights methods
for exploring underground spaces and offers recommendations for minimizing risks. Both favourable and adverse geolo-
gical factors for conducting underground construction are identified and analysed, with brief characteristics provided.
Considering these factors, the general principles of geological zoning in territories, particularly within the Ukrainian Crys-
talline Shield (UCS), are established. The most suitable areas for underground construction of public, industrial, and
military facilities are those classified as simple structure (the I* category of complexity) based on engineering and geolo-
gical conditions. Specifically, these are territories with a low level of seismicity; areas featuring monolithic strong hard
rocks (granites and gneisses); regions with a stable geological environment, minimal impact from fault zones and unfrac-
tured rocks, or rocks with low fracturing; and areas with stable hydrogeological conditions and low levels of non-aggress-
ive groundwater. The article analyses the underground construction experience in countries (Sweden, Norway, Finland)
within the Baltic Crystalline Shield, demonstrating the general similarities in structure and geological conditions between
the Baltic Shield and the UCS. It is underscored that in Ukraine, it is most prudent to seek optimal sites for locating un-
derground facilities within the Ukrainian Crystalline Shield. The final decision regarding the facility's location should be
made with consideration of its specific designed purpose and requirements, adhering to building rules and regulations.

Keywords: underground construction, geological factors, hydrogeology, engineering geology, geophysical re-
search, Ukrainian Shield.

1. Introduction

At this stage in societal development, underground construction is becoming in-
creasingly relevant due to population growth, urbanization, environmental challenges,
and the need for safety. Utilizing underground space allows optimization of urban
infrastructure, enhances the stability of structures, and lowers environmental impact.
This issue encompasses key elements of the importance of underground construction,
such as urbanization and spatial constraints, environmental and energy challenges,
transport infrastructure and logistics, security and defence capabilities, the construc-
tion of industrial and scientific facilities, and innovative technologies. Let us examine
these aspects in greater detail.

Urbanization and spatial restrictions. The development of megacities, population
growth, and shortage of land resources force us to look for alternative solutions for
the placement of transport, residential, and commercial infrastructure. The use of un-
derground space allows you to reduce the density of construction on the surface, pre-
serving recreational areas and historical heritage. In conditions of high density of
construction, underground construction becomes an effective solution for the place-
ment of public, transport, and residential facilities. Underground spaces are used to
accommodate subways and tunnels, which helps improve transport logistics, parking
lots, reduce street congestion, accommodate shopping centres and underground pas-
sages, and increase accessibility to facilities for the population.
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Environmental and energy issues. Underground structures have several environ-
mental advantages, namely, they reduce the impact of construction on the environ-
ment, preserving the natural landscape, use the natural thermal insulation of the soil,
which increases energy efficiency, promote the development of geothermal stations,
which provides alternative energy sources and the use of underground storage for re-
newable energy (accumulation tanks).

Transport infrastructure and logistics. The development of underground transport
infrastructure is important for unloading surface routes. Overpasses and freight logist-
ics hubs ensure efficient and safe transport movement. Such solutions reduce traffic
congestion, increase the speed of goods and passenger transportation, and optimize
urban space by placing infrastructure facilities underground.

Security and defence capability. In modern conditions, underground construction
plays an important role in ensuring the protection of the population and critical infra-
structure. In particular, underground shelters and bomb shelters are necessary to pro-
tect against military threats, terrorist attacks, and natural disasters. In addition, seis-
mically resistant underground structures can reduce the risk of destruction during
earthquakes. Underground water and fuel storage tanks provide independence in
emergencies. In addition, given the war in Ukraine and the threat of modern military
conflicts, underground construction of military facilities remains one of the most ef-
fective ways to protect critical infrastructure, increase the combat capability of
troops, and maintain strategic balance.

Construction of industrial and scientific facilities. Underground space is actively
used in science and industry. In particular, underground laboratories such as CERN
(Conseil Européen pour la Recherche Nucléaire) in Switzerland allow research to be
conducted under conditions of minimal external influence. Underground warehouses,
tanks, and industrial facilities, such as hazardous materials storage facilities, are ef-
fectively used to store hazardous materials and resources, located underground to re-
duce risks to the public and the environment.

Innovative technologies for underground construction. Technological develop-
ment contributes to the expansion of the possibilities of underground construction.
Modern methods include, in particular, the use of composite materials that increase
the durability of structures, new technological monitoring and diagnostic systems for
monitoring the technical condition of structures, automation, and robotic construction
technologies. The latest technologies, in particular, 3D printing of concrete structures,
automated tunnelling, and the use of artificial intelligence for the design of reinforced
structures, open up new opportunities for effective underground construction.

Thus, underground construction is a strategic direction for the sustainable devel-
opment of cities and industry, which allows solving the current problems of urbaniza-
tion, transport, ecology, and safety. Thanks to modern technologies, it has become
more accessible, more efficient, and environmentally friendly. Further development
of this industry will contribute to the optimization of space, energy efficiency, and an
increase in the level of protection of infrastructure facilities. Beyond that, especially
given the ongoing aggression of the Russian Federation against Ukraine, underground
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and buried structures play a critically important role in ensuring the security of the
population, strategic facilities, and infrastructure during military operations.

The purpose of the work is to analyse and evaluate the impact of geological, geo-
physical, and hydrogeological factors determining for underground construction, res-
idential, public, and industrial facilities, to define the main principles of zoning territ-
ories according to their suitability for underground construction.

Achieving the set goal involves solving many tasks, namely: analysing current
regulatory documents and engineering and geological prerequisites for underground
construction, determining the main principles of underground construction of residen-
tial, public and industrial facilities, identifying favourable and negative factors of un-
derground construction, determining criteria for zoning territories for selecting sites
for underground construction.

2. Methods

Methods — the analytical review of the general state of the problem, an analysis of
the existing regulatory framework for engineering and geological prospecting works
and underground construction, an analysis and generalization of world experience in
conducting underground construction, an analysis of the geological structure of the
Ukrainian territory, in particular traditional methods of analysing available geological
information — geological maps, geological sections, etc., zoning of the territory based
on a survey of favourable and negative factors of underground construction for the
selecting the promising sites.

3. Theoretical part

In Ukraine, underground construction is regulated by many regulatory documents
— DBN and DSTU, the main ones being [1-9]. DBN V.1.1-45:2017 "Buildings and
structures in complex engineering and geological conditions. General provisions" [5]
establishes general requirements for the design of buildings and structures in complex
engineering and geological conditions. DBN V.1.2-14-2018 "General principles for
ensuring the reliability and structural safety of buildings, structures, building struc-
tures and foundations" [2] has provisions on determining the complexity categories of
construction objects and their relationship with engineering and geological condi-
tions. The complexity of engineering and geological conditions is separately regu-
lated by standards [1, 4, 7-9]. DBN A.2.1-1-2014 [1] and DSTU B V.2.1-28:2010[7]
"Engineering Surveys for Construction" establish the main provisions and require-
ments for conducting engineering surveys for construction on the territory of
Ukraine, in particular, they define the categories of complexity of engineering and
geological conditions. DBN V.1.1-12:2009 "Construction in seismic areas of
Ukraine" [4] is used for facilities located in seismically hazardous regions. The docu-
ment specifies how seismicity is taken into account when determining the complexity
of conditions. DSTU-N B V.1.1-27:2010 "Guidelines for the implementation of en-
gineering and geological surveys" [8] contains recommendations for assessing the
complexity of engineering and geological conditions, including by categories (simple,
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medium complexity, complex). The categories are determined by the number of en-
gineering and geological elements, depth of occurrence, presence of hazardous geolo-
gical processes, soil conditions, etc. DSTU 9275.1:2024 [9] defines the procedure for
organizing, performing, and registering the results of engineering and geological sur-
veys, which are necessary for the design and construction of facilities.

At the international level, the regulation of the complexity of engineering and
geological conditions may differ depending on the country. Many states develop their
own standards and regulatory documents that consider local geological features and
construction practices. In the countries of the European Union, the Eurocode 7 "Geo-
technical design" series standards [10] are often used, which set general principles of
geotechnical design and soil classification. It is worth noting that although interna-
tional standards provide general recommendations, each country adapts them follow-
ing its specific conditions and requirements. In Ukraine, this standard is adopted as
[11].

According to [7, 8], engineering and geological conditions are divided into three
categories of complexity:

1. Simple (Category I): They are characterized by homogeneous soils and stable
hydrogeological conditions.

2. Medium complexity (Category II): They are characterized by diverse soils and
possible changes in hydrogeological conditions.

3. Complex (Category III): They include the presence of specific soils, high
groundwater levels, seismic activity, and other factors that complicate construction.

The classification of the complexity categories of sites according to engineering
and geological conditions is based on the evaluation of various geological, hydrogeo-
logical, geomorphological, and other factors.

Category I (simple) is characterized by favourable engineering and geological
conditions: a homogeneous and stable soil massif, the absence of significant tectonic
disturbances and karst formations, a stable groundwater level with a minor impact on
building structures, the absence or minimal manifestations of exogenous geological
processes (landslides, erosion, flooding, etc.).

Category II (medium complexity) has certain restrictions that may complicate
construction, in particular, the presence of heterogeneous or weak soils (clayey,
sandy-loam, sandy soils with variable characteristics), the presence of water-saturated
soils with an elevated groundwater level, manifestations of local geological processes
(suffusion, karst, flooding, minor landslides), the possibility of seismic impacts of
medium intensity (up to 7 points on the EMS-98 scale [12] or similar).

Category III (complex) is characterized by complex engineering and geological
conditions that significantly complicate construction, namely: complex geological
structure (mixed, heterogeneous soils, prone to subsidence, swelling or landslides),
high groundwater level or aggressive environment affecting the foundation and build-
ing materials, intensive geological processes (active karst, landslides, flooding,
erosion, suffusion, subsidence of soils), high seismic hazard (from 7 points and more
[12]), the presence of faults or zones of active tectonics.
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Among additional factors affecting the complexity categories for underground
construction in terms of engineering and geological conditions it is necessary to note
hydrogeological conditions (groundwater, its level and aggressiveness), geomorpho-
logy — the terrain relief (steep slopes, erosion forms, tectonically active zones), cli-
matic conditions (frost heaving of soils, changes in humidity, seasonal fluctuations in
water level) and anthropogenic impact (urbanization, man-caused loads, real estate
development, recultivation).

This classification helps to determine measures for engineering preparation of the
territory, the choice of the type of foundations, and the prediction of possible com-
plications during construction. Engineering and geological surveys to substantiate
underground construction should be carried out with a completeness sufficient to as-
sess the construction conditions and develop forecasts of the interaction of the geolo-
gical environment with underground structures [13—16].

4. Results and discussion

The main principles of underground construction of residential, public, and indus-
trial facilities are based on engineering, geological, economic, and environmental as-
pects. The main principles of such construction should include:

1. Geotechnical and geological aspects — research of soils and hydrogeological
conditions before construction, concerning seismic activity and possible geodynamic
processes, use of soil strengthening methods for stability of structures.

2. Structural and engineering solutions — the use of durable materials resistant to
moisture, chemical influences, and mechanical loads, design of ventilation, lighting,
and drainage systems for manufacturability and safety.

3. Functional features depending on the purpose of the facility — residential under-
ground premises require the presence of life support and evacuation systems, public
underground structures (shopping centers, metro, parking lots) require special fire
safety measures, industrial facilities (warehouses, production workshops) should take
into account the specifics of production, ventilation and logistics.

4. Economic and environmental aspects — reducing the cost of acquiring land
plots by using underground space, minimizing the impact of construction on the
urban landscape and the natural environment, using energy-efficient technologies, in
particular, such as geothermal heating.

5. Safety and durability — Designing the structure as a whole and individual struc-
tures, taking into consideration long-term loads and aggressive conditions, integrating
modern systems for monitoring the technical condition of structures, and ensuring
stability.

The construction of residential, public, and industrial structures underneath the
ground requires a thorough analysis of all factors that determine their safety, durabil-
ity, and economic feasibility. Let us consider the main geological, geophysical, and
hydrogeological factors that affect the underground construction of residential, pub-
lic, and industrial facilities.
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Geological conditions have a decisive influence on the choice of a site for the
construction, design, and operation of underground structures. Successful under-
ground construction is only possible with careful consideration of geological, geo-
physical, and hydrogeological factors.

Geological factors include, first of all, the lithological composition of rocks,
namely the types of rocks, their strength, and stability. The composition, structure,
and mechanical properties of rocks determine the state of the rock massif and the
choice of construction methods and types of foundations.

Secondly, these are the tectonic features of the region — the presence of faults, dis-
locations, fractured zones, weakening zones, etc. The presence of faults, compression
zones, and folded structures affects the mechanical properties of rocks, the stability of
the base and structures, and the safety of engineering structures.

Thirdly, this is the seismicity of the area — the need to consider the seismic activ-
ity of the region and comply with the relevant building codes, taking into account the
probability of earthquakes, their intensity, and frequency.

This list should also include engineering and geological processes — for certain
areas, these are karst processes (the presence of karst cavities, the possibility of fail-
ures), subsidence, landslides, mudflows, which can complicate the construction and
operation of structures.

Geophysical factors can be evaluated using geophysical methods that allow for
the assessment of underground conditions without significant excavation. The most
common are:

— evaluation of seismic stability, research of rock strength and homogeneity, voids
and faults interpretation (seismic exploration) — the level of seismic activity of the
region determines the need for special structural solutions to ensure the stability of
buildings during earthquakes;

— detection of cavities and anomalous zones (gravimetry) — anomalies in the grav-
itational field can indicate different types of rocks and deep geological structures;

— determination of the depth of groundwater and the composition of rocks (elec-
trical exploration) — the electrical conductivity of rocks helps to identify water-satur-
ated zones, clayey rocks, and zones of reduced strength;

— detection of radioactive zones that can affect the ecology and safety of facilities
(radiometric surveys);

— the magnetic field is used to detect magnetic rocks and determine structural fea-
tures.

Hydrogeological factors — an important aspect is the presence and characteristics
of groundwater. These are the occurrence depth and thickness of the aquifer, the dir-
ection of groundwater movement (possibility of flooding, impact on the foundation),
the chemical composition of the water, and seasonal fluctuations in the groundwater
level. The groundwater level affects the need for drainage systems and waterproofing.
The flow rate of aquifers determines the risk of flooding and the complexity of drain-
age. Chemical composition of water — the aggressiveness of water can affect the cor-
rosion of building materials. Flooding of the territory — the possibility of changing the
water level under the influence of seasonal factors and construction work.
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Having analysed the generally available engineering and geological factors (geo-
logical, geophysical, and hydrogeological conditions), one can conclude that all these
factors should be divided, according to their influence, into two groups —favourable
for underground construction and negative (unfavourable) (Table 1).

Below i1s a brief description of the influence of individual factors according to
Table 1 on underground construction.

Table 1 — Distribution of main geological factors by nature of influence

No. Negative (unfavourable) factors Favourable factors
1. | Low strength and stability of soils and rocks | High strength and stability of soils and rocks
2. Heterogeneity of the geological environ- | Homogeneity (homogeneity) of the geological
ment environment
3. High seismic activity Minimal seismic activity
4. High tectonic dislocation Simple tectonic structure
5. High groundwater level Low groundwater level
0. High aquifer flow rate Low aquifer flow rate
7. | Chemical composition of water — aggressive Chemical composition of water — neutral
8. | Presence of karst formations and landslide | Presence of favorable geological structures or
zones natural cavities
9. Emission of harmful gases Absence of harmful gases
10. Depth is both a favourable and unfavourable factor
11. Environmental impact can be a favourable and unfavourable factor

1. Strength and stability of soils and rocks. Strong rocks or stable soils provide a
reliable foundation for structures. In regions with stable igneous and metamorphic
rocks, construction is possible with minimal risks. Granite, limestone, or other stable
rocks ensure the durability and strength of structures. Weak or unstable rocks (sands,
clays, loams, karst formations) can cause subsidence, landslides, or collapses.

2. The homogeneity (uniformity) of the geological environment is a property of a
geological massif, which is characterized by the absence of sharp changes in its com-
position, structure, and physical and mechanical properties. A homogeneous environ-
ment has a uniform mineralogical composition, similar porosity, permeability,
strength, and other geological parameters within a certain volume, which greatly fa-
cilitates calculations and prediction in the behaviour of rocks under load. The absence
of significant changes in the composition of soils and rocks subsequently facilitates
construction and operation.

3. Minimal seismic activity reduces the risks of damage, deformation, and de-
struction from earthquakes during construction and operation. High seismic activity
carries the risk of destruction during earthquakes. In areas of high seismic activity,
strict standards must be observed, and earthquake-resistant structures must be used.

4. Tectonic structure of the territory. Tectonic structure can be complicated by
numerous faults, both active and inactive, dividing the Earth's crust into separate
blocks. Fractured zones are often weakened and prone to deformation. They can be
characterized by high seismic activity due to the movements of tectonic plates and
high intensity of seismic waves, which affects the stability of structures. Regarding
dislocation, we are talking about both the presence of ruptures within the blocks and
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developed fracture systems. The presence of fracture zones and mixed structures re-
duces the strength of rocks and makes it difficult to predict the mechanical behaviour
of the soil. In such zones, active movement of groundwater can be observed, which
can cause subsidence or a rise in the ground. Active geodynamic processes can take
place — landslides, rockfalls, etc. The presence of folded structures (anticlines and
synclines) can affect the stability of the soil and the location of structures. Deforma-
tion zones can also form, which complicates tunnelling and foundation work. Com-
plexly dislocated zones are characterized by tectonic pressure and changes in the
stress-strain state, which can cause high horizontal and vertical stresses in rocks,
leading to sudden shifts. Local compression and tension zones are also possible, af-
fecting the stability of underground facilities. Construction in areas of complex tec-
tonic structure requires thorough engineering and geological research, special meas-
ures to strengthen soils and seismic protection of structures.

5. Groundwater level. A low groundwater level minimizes the need for water-
proofing and drainage systems. A high groundwater level, on the contrary, can lead to
flooding of underground structures, which requires additional engineering solutions.
Such a groundwater level determines the need to use drainage systems and water-
proofing measures. In areas with a high groundwater level, special drainage measures
are required. It is also necessary to take into account the possible flooding of the ter-
ritory, which depends on seasonal fluctuations in the groundwater level and the im-
pact of construction work. Construction can alter natural drainage, leading to rising
water levels and flooding. In some low-lying areas, seasonal rises in groundwater
levels often lead to flooding of basements and underground utilities. To prevent this,
construction should take into account seasonal fluctuations in water levels and
provide drainage and waterproofing systems. Separately, the possibility of hydraulic
communication between different groundwater horizons should be borne in mind.

6. Aquifer flow rate. The flow rate, or productivity of aquifers, determines the
volume of water that can penetrate underground structures. High flow rates can com-
plicate construction and operation due to the constant inflow of water. This requires
the use of powerful pumping stations to drain water and ensure the safety of construc-
tion work.

7. Chemical composition of water. The chemical composition of groundwater af-
fects the durability of building materials. Aggressive waters containing elevated con-
centrations of sulfates, chlorides, or other chemical compounds can cause corrosion
of metal elements and destruction of concrete structures. For example, groundwater
often contains a high concentration of sulfates, which can lead to sulfate corrosion of
concrete structures. Therefore, sulfate-resistant cements and special protective coat-
ings are used in the construction of underground structures in such conditions. The
low aggressiveness of groundwater reduces corrosion of materials and destruction of
structures.

8. The presence of natural cavities or favourable geological structures allows you
to reduce the amount of excavation work. Karst and hollow formations carry the risk
of soil subsidence or sudden collapse. The absence of karst formations and landslide
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zones guarantees the stability of the storage facility and minimizes the risks of sub-
sidence or destruction.

9. The accumulation of harmful gases (radon, methane, carbon dioxide) requires
additional ventilation.

10. The depth of the facility can be both a negative factor and a favourable one.
On the one hand, depth ensures the stability of the structure from external influences,
and on the other hand, it leads to an increase in the cost of construction and further
operation.

11. The impact on the environment of underground structures under certain condi-
tions can be positive due to the preservation of the natural landscape of the earth's
surface. On the other hand, there may be a violation of soil layers, a change in water
balance, etc. Large volumes of excavated soil can complicate work and create prob-
lems with its disposal.

It is worth noting that depending on the construction site and the purpose of the
structure, these factors may have a greater or lesser impact.

The principles of geological zoning of the territory for the selection of a site for
underground construction should be based on the analysis of natural conditions and
other factors that may affect the stability and safety of structures. In general, it is ad-
visable to define the main principles as follows:

1. Tectonic analysis — determination of the presence of faults, fractured zones,
zones of tectonic activity, and seismic hazards, considering the risk of neotec-
tonic movements.

2. Lithological and stratigraphic analysis — the evaluation of the composition
and thickness of rocks, their physical and mechanical properties, and determ-
ination of the presence of unstable or weathered rocks.

3. Hydrogeological conditions — study of the groundwater levels, their aggress-
iveness to construction materials, and the evaluation of the possible impact of
groundwater on the stability of structures.

4. Engineering and geological characteristics — analysis of the bearing capacity
of soils. Determination of possible deformation processes (subsidence, heav-
ing, landslides, etc.).

5. Exogenous geological processes — identification of karst phenomena, land-
slides, mudflows, the evaluation of the territory’s susceptibility to landslides,
flooding, and erosion.

6. Ecological and geochemical factors — analysis of possible contamination of
groundwater and soil, the evaluation of radioactive background and gas con-
centrations (radon, methane).

7. Socio-economic aspects — assigned purpose of the structure, availability of
infrastructure for construction and operation, compliance of the project with
current building codes and regulations.

When choosing a site for underground construction, all these factors must be

taken into account in a complex to ensure the safety, durability, and economic effi-
ciency of the project.
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The geological structure of Ukraine consists of structures of different ages and
genesis, the rocks of which are represented by heterogeneous rock composition and
age [17, 18]. The geological features of each structure have been studied separately
for a considerable time. Special attention has been and continues to be paid to the
Ukrainian Crystalline Shield (UCS), the rocks of which are represented by ultrameta-
morphic, intrusive-magmatic, and metasomatic formations. These rocks are charac-
terized by high strength, which makes them suitable for placing underground facilit-
ies. Within the shield, the density of rocks is associated with a block structure, its val-
ues vary within 2.66-3.65 g/cm’.

Given the general principles of zoning territories outlined above (including taking
into consideration seismicity (Fig. 1)), in Ukraine, the most appropriate is to search

for optimal areas for placing underground facilities within the Ukrainian Crystalline
Shield.
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Figure 1 — The seismic zoning map of Ukraine [19]

In the context of considering the geological and geotechnical aspects of under-
ground construction, it is advisable to refer to existing world experience. Namely, to
the construction of large underground facilities in countries located on the Baltic
Crystalline Shield. The Baltic Crystalline Shield covers the territories of several
countries in Northern Europe. It includes: Sweden — a significant part of the country,
especially its central and northern parts; Norway — the southern and central parts of
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the country; Finland — almost the entire territory of the country; Russia — the north
western part, including Karelia and the Leningrad Region; Estonia — the northern part
of the country, especially the areas where crystalline rocks outcrop. The Baltic Shield
is one of the oldest geological structures in Europe, formed in the Archean and
Proterozoic.

The Baltic Crystalline Shield and the Ukrainian Crystalline Shield have several
common features in their geological structure, since both are parts of the ancient
basement of the East European Platform. The main similarities between them are as
follows:

1. Archean-Proterozoic basement. Both shields consist mainly of Archean and
Proterozoic rocks that formed more than 2.5 billion years ago. The main rocks are
gneisses, granites, quartzites, amphibolites and migmatites;

2. Tectonic stability. They are part of the stable part of the platform, having un-
dergone only minor horizontal movements over the past hundreds of millions of
years. There is an absence of significant folding deformations in the Phanerozoic era.

3. Deep faults and magmatism. Both shields are pierced by deep faults through
which igneous rocks were supplied at different times. On their territory, manifesta-
tions of magmatism and metamorphism are recorded, in particular in the Paleo-
proterozoic and Neoproterozoic periods;

4. Ore content. Both shields are rich in minerals, in particular ore minerals. The
Ukrainian shield contains iron, manganese, uranium, and rare earth ores, and the
Baltic shield contains iron ores, nickel, copper, gold, and rare metals;

5. Depth of the basement. In both cases, the basement comes to the surface or lies
under a small cover of sedimentary rocks, which distinguishes them from other parts
of the platform.

Thus, the Baltic and Ukrainian crystalline shields have a common origin, similar
tectonic features, and similar geological evolution.

Underground construction is developed in Norway due to the complex mountain
terrain and stable crystalline rocks. Norway actively uses natural geological condi-
tions to create underground infrastructure facilities, which increases their safety and
efficiency. Here are some of the most famous underground facilities:

Transport tunnels — Lerdalstunnelen — is the longest road tunnel in the world
(24.5 km), connecting Lardal and Aurland, Atlantic Tunnel (Atlanterhavstunnelen) —
is an underwater tunnel (5.7 km) between Kristiansund and the island of Averoy, Ry-
fylketunnelen — is the longest and deepest underwater tunnel (14.3 km, 292 m below
sea level).

Hydroelectric power plants (HPP) and energy facilities — HPP Tiuni (Tunnsjedal
Power Station), HPP Liotopen (Lysebotn II Power Station), HPP Mahasinnet (Mageli
Power Station).

Military and strategic sites — Olavsvern underground submarine base (Olavsvern
Naval Base) — is a former military base dug into the rock, now used commercially,
bunkers in the mountains of Norway — they are used as military and reserve storage.

Storage and scientific sites — Svalbard Global Seed Vault — it is located on the
Spitsbergen archipelago, it is a global repository for seed samples in case of global
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disasters. Scientific laboratories in the mountains — they are used for climate, geo-
physics and security research.

Sweden also has a well-developed underground construction industry thanks to
the stable crystalline rocks of the Baltic Shield. Sweden actively uses underground
spaces for transport, energy, defense, and science, adapting geological conditions for
efficient construction. The most famous underground facilities include transport tun-
nels, energy facilities, military bunkers, and scientific storage facilities:

Transport tunnels — Halmstad Tunnel (Hallandsdstunneln) — it is a railway tunnel
(8.7 km), which improves the connection between Gothenburg and Malmo, Sédertun-
neln — it is a tunnel in Stockholm for the city railway, an underwater tunnel through
Oresund (Oresund Tunnel) — it is a part of the Oresund Bridge connecting Sweden
and Denmark.

Hydroelectric power plants and energy facilities — HPP Hota (G6ta Power Station
— it 1s an underground power plant on the Gota Elv River, HPP Aker (Akkats Power
Station) — it is a partially underground hydroelectric power plant in Lapland.

Nuclear waste storage facility CLAB (Central Interim Storage Facility for Spent
Nuclear Fuel) — it is located in Oskarshamn, is used for the temporary storage of
spent nuclear fuel.

Military and strategic facilities — Musko (Muskd Naval Base) — is an underground
naval base dug into the granite rocks of the archipelago near Stockholm, Bunker
"Viten" (Wittsjo Bunker) — is one of many Swedish military fortifications, under-
ground command centers — they are used by the government and military for strategic
purposes.

Repositories and scientific facilities — the nuclear waste repository in Forsmark
(Forsmark Repository) — is a long-term nuclear fuel storage project, global data cen-
ter in a mountain cave (Pionen White Mountains Data Center) — is an underground
data center in Stockholm, located in a former military bunker, the research laboratory
Aspo Hard Rock Laboratory — is used to study geological conditions for nuclear
waste storage.

Finland has extensive experience in underground construction due to its geolo-
gical features. Here are some of the most famous facilities.

The Onkalo underground nuclear waste repository is located on the island of
Olkiluoto. It is the world's first deep geological repository for the final storage of
spent nuclear fuel (about 430 m deep).

The "Vestmostranden" underground tunnel in Helsinki is part of the capital's ex-
tensive underground road system, which helps reduce surface traffic and improve lo-
gistics.

The "Paadnne" underground water supply complex is one of the longest water
supply tunnels in the world (120 km), bringing clean water from Lake Paadnne to
Helsinki.

Helsinki's underground shopping malls are often connected to the metro and other
underground structures, such as the "Itis" or "Kamppi" complex.

The underground emergency government center is used to manage the country in
case of emergencies — the exact location is not disclosed.
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Underground sports complexes allow for efficient use of space and reduce heating
costs, such as the ice rink in the Kalasatama district of Helsinki.

Finland actively uses underground space for various purposes, which is an import-
ant element of its urban planning and security.

Therefore, the experience of underground construction on the Baltic Crystalline
Shield can be useful for underground construction on the Ukrainian Crystalline
Shield (UCS) in many key aspects. This experience can become the basis for select-
ing promising sites and developing optimal technologies for tunnelling, reinforce-
ment and sealing of underground structures in the UCS. Methods for strengthening
fractured rocks, waterproofing solutions and technologies for monitoring the stability
of the massif are especially useful.

In the geological structure of the territory in Ukraine, the Ukrainian Shield plays
an important, and to certain extent even a decisive role [20]. It consists in the fact that
the UCS not only occupies a central, pivotal position in the structure of the territory,
but is the only reliable source of information regarding the composition and structure
of the upper consolidated crystalline crust and the Early Precambrian geological his-
tory of the territory in Ukraine. It is here that the Lower Precambrian basement comes
out to the day surface and is available for direct study. From here, based on geolo-
gical drilling materials and geophysical data, information about the structure of the
shield basement is extended to the neighbouring territories of its submerged occur-
rence or submerged part.

A detailed description of the geological structure of the Ukrainian Shield is given
in [20]. The Ukrainian Shield is a large outcrop of crystalline basement rocks in the
southern part of the East European Platform. It is part of the so-called Dnieper or
Ukrainian-Voronezh geoblock of the platform basement. The total area on which the
complexes of the basement rocks of the Ukrainian Shield have natural outcrops to the
surface is about 140 thousand km?, and together with the slopes within the boundaries
limited by the so-called boundary thrusts, the shield covers about 260 thousand km?®.

The folded basement is dissected by meridional deep faults into several blocks
that stand out in the relief. Currently, the most justified scheme is one that combines
six megablocks: Volynskyi, Pobuzkyi, Buzko-Rosynskyi, Inhulskyi, Serednoprydni-
provskyi 1 Pryazovskyi; Osnytsko-Mikashevytskyi volcano-plutonic belt and four in-
termegablock suture zones: Brusylivska, Holovanivska, Inguletsko-Kryvorizska and
Orikhivsko-Pavlogradska [17].

The rocks are represented by ultrametamorphic, intrusive-magmatic, and metaso-
matic formations — amphibolites, gneisses, quartzites, migmatites, metabasites, crys-
talline schists, granites, plagiogranites, diorites. The crystalline basement rocks are
partially covered by younger sedimentary rocks; in many places (mainly in river val-
leys and gullies) they come out to the day surface, where they are recorded as out-
crops. Within the shield, the rocks lie above the modern erosion base. The highest
absolute level 1s 347 m, recorded in the upper reaches of the Bug.
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Geological zoning of the territory within (UCS) for site selection should be based
on the analysis of all previously identified favourable and negative factors of under-
ground construction and the existing geological, hydrogeological, and tectonic fea-
tures of the region.

The following are proposed as the main principles of geological zoning within the
UCS:

1. Tectonic analysis:

1.1 Identification of tectonic fault zones (both deep and surface) within large tec-
tonic blocks to avoid construction in seismically active regions.

1.2 Analysis of neotectonic movements that may cause additional stresses in the
rocks.

1.3 Identification of fractured zones that are less favourable due to possible rock
instability — the UCS is represented by Precambrian crystalline rocks (granites,
gneisses, crystalline schists), which usually have high strength, but may be fractured.

2. Lithological and petrographic features (zoning by types of crystalline rocks):

2.1 Monolithic granites, gneisses, amphibolites are promising for underground
construction due to high strength and low permeability.

2.2 Contact metamorphism zones — they may have altered mechanical strength.

3. Hydrogeological conditions:

3.1 Determination of aquifers, groundwater levels and the presence of hydraulic
communication between them. Most of the territory of the UCS is characterized by
thin aquifers or their absence in massive crystalline rocks, which is an advantage for
underground construction.

3.2 Determination of individual areas with increased fracturing, where groundwa-
ter can concentrate.

3.3 Evaluation of possible manifestations of underground drainage and aggress-
iveness of waters (especially in regions with sulfate-carbonate complexes [21]).

4. Engineering and geological characteristics:

4.1 Determination of the strength and stability of rocks to predict deformation
processes.

4.2 Evaluation of the stress-strain state of the massif, especially in areas of tec-
tonic faults.

4.3 Research on the risks of decompaction of the crystalline basement under the
impact of man-induced load loads.

5. Exogenous geological processes:

5.1 Considering the risks of karst phenomena in areas where the UCS is covered
by sedimentary sediments (for example, within the Dnieper-Donets depression).

5.2 Analysis of the territory's susceptibility to landslides, especially in zones of
contact between crystalline rocks and sedimentary strata.

5.3 Monitoring the possible accumulation of gases (radon, methane) in cracks and
caverns.

6. Ecological and man-made factors:

6.1 Analysis of the negative anthropogenic impact of underground construction
on the environment, in particular on water bodies, fertile agricultural soils or forest
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lands, including protected ones. These factors can significantly restrict the choice of
possible areas for underground construction sites.

6.2 Analysis of the negative anthropogenic impact on underground structures (the
presence of mines, quarries, large engineering structures that can affect the state of
the geological environment).

6.3 Evaluation of the natural background radiation level (granites and gneisses
may have an increased concentration of uranium and thorium).

Geological zoning of the UCS allows you to determine the best conditions for
safe and durable underground construction and provide recommendations for the site
selection.

Optimal sites within the UCS are:

— large, least dislocated and stable blocks of the III order;

— areas with monolithic granites and gneisses with low fracturing;

— areas with minimal impact of fault zones and a stable geological environment;

— areas with low groundwater levels.

Undesirable sites are:

— zones of active tectonic faults, especially with modern seismic activity

— areas with high fracturing, karst processes, or zones of increased water satura-
tion.

— areas with increased radiation background or significant man-made impact.

5. Conclusions

Geological factors for conducting underground construction, both favourable and
negative, were identified and analysed. Their brief characteristics are presented.
Given these factors, general principles of geological zoning of territories and, in par-
ticular, within the boundaries of the UCS are determined.

The most suitable areas for underground construction of public, industrial, and
military facilities are areas of simple structure (the I* category of complexity) accord-
ing to engineering and geological conditions. Namely:

— territories with a low level of seismicity;

— areas with monolithic strong rocks (granites and gneisses);

— territories with a stable geological environment, minimal impact of fault zones
and non-fractured rocks, or rocks with low fracturing;

— areas with stable hydrogeological conditions and a low level of non-aggressive
groundwater.

The authors analysed the underground construction experience of countries
(Sweden, Norway, Finland) located within the Baltic Crystalline Shield and proved
the general similarity of the structure and geological conditions of the Baltic Shield
and the Ukrainian Crystalline Shield.

It was also concluded that in Ukraine, the most expedient is to search for optimal
sites for placing underground facilities within the Ukrainian Crystalline Shield.

The choice of the facility's location should be made taking into account its spe-
cific intended purpose and requirements under building rules and regulations.
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Conducting comprehensive geological and geophysical studies will enable a gen-
eralization of the structure of promising sites and ultimately justify their selection.
Justifying the final selection of sites requires a detailed examination of all available
geological and geophysical information regarding the structure of the sites under con-
sideration, the execution of appropriate geophysical work to detail the sites' structure
and the properties of the rocks, drilling wells for further engineering and geological
surveys, and directly conducting engineering and geological surveys.

Conflict of interest
Author states no conflict of interest.

REFERENCE

1. Ministry of Regional Development and Construction of Ukraine (2014), DBN A.2.1-1:2014 Inzhenerni vyshukuvannia dlia
budivnytstva [DBN A.2.1-1:2014 Engineering surveys for construction], Ministry of Regional Development and Construction of
Ukraine, Kyiv, Ukraine.

2. Ministry of Regional Development, Construction and Housing and Communal Services of Ukraine (2018), DBN B.1.2-
14:2018. Zahalni pryntsypy zabezpechennia nadiinosti ta konstruktyvnoi bezpeky budivel i sporud [DBN B.1.2-14:2018. General
principles of ensuring reliability and structural safety of buildings and structures], Ministry of Regional Development, Construction and
Housing and Communal Services of Ukraine, Kyiv, Ukraine.

3. Ministry of Regional Development of Ukraine (2014), DBN A.2.2-3:2014. Sklad ta zmist proektnoi dokumentatsii na budivnyt-
stvo [DBN A.2.2-3:2014. Composition and content of design documentation for construction], Ministry of Regional Development of
Ukraine, Kyiv, Ukraine.

4. Ministry of Regional Development and Construction of Ukraine (2014), DBN V.1.1-12:2014. Budivnytstvo u seismichnykh
raionakh Ukrainy [DBN B.1.1-12:2014. Construction in seismic areas of Ukraine], Kyiv: Ministry of Regional Development and Con-
struction of Ukraine, Kyiv, Ukraine.

5 Ministry of Regional Development, Construction and Housing and Communal Services of Ukraine (2017), DBN V.1.1-
45:2017. Budivli i sporudy v skladnykh inzhenerno-heolohichnykh umovakh. Zahalni polozhennia [DBN B.1.1-45:2017. Buildings and
structures in complex engineering and geological conditions. General provisions], Ministry of Regional Development, Construction
and Housing and Communal Services of Ukraine, Kyiv, Ukraine.

6. Ministry of Regional Development and Construction of Ukraine (2017), DBN V.1.1-46:2017. Inzhenernyi zakhyst terytorii,
budivel i sporud vid zsuviv ta obvaliv. Osnovni polozhennia [DBN B.1.1-46:2017. Engineering protection of territories, buildings and
structures from landslides and rockfalls. General provisions], Ministry of Regional Development and Construction of Ukraine, Kyiv,
Ukraine.

7. Ministry of Regional Development and Construction of Ukraine (2011), DSTU B V.2.1-28:2010 Inzhenerni vyshukuvannia
dlia budivnytstva. Osnovni polozhennia [DSTU B V.2.1-28:2010. Engineering surveys for construction. General provisions], Ministry
of Regional Development and Construction of Ukraine, Kyiv, Ukraine.

8. Ministry of Regional Development and Construction of Ukraine (2011), DSTU-N B V.1.1-27:2010 Zakhyst vid nebezpech-
nykh heolohichnykh protsesiv, shkidlyvykh ekspluatatsiinykh vplyviv, vid pozhezhi. Budivelna klimatolohiia [DSTU-N B V.1.1-
27:2010. Protection against the dangerous geological processes, harmful operational nfluences, and the fire. Building climatology],
Ministry of Regional Development and Construction of Ukraine, Kyiv, Ukraine.

9. Ministry of Regional Development and Construction of Ukraine (2024), DSTU 9275.1:2024 Nastanova z vykonannia inzhen-
ernykh vyshukuvan dlia budivnytstva. Chastyna 1. Inzhenerno-heolohichni vyshukuvannia [DSTU 9275.1:2024. Guidelines for con-
ducting engineering surveys for construction. Part 1: Engineering and geological surveys], Ministry of Regional Development and
Construction of Ukraine, Kyiv, Ukraine.

10. Eurocodes: Building the future (2024), “EN 1997-1:2004 Eurocode 7: Geotechnical design - Part 1: General rules”, avail-
able at: https://eurocodes.jrc.ec.europa.eu/EN-Eurocodes/eurocode-7-geotechnical-design (Accessed 03 October 2024).

11. Ministry of Regional Development of Ukraine (2010), DSTU-N B EN 1997-1: 2010. Eurocode 7. Geotechnical design. Part
1. General rules EN 1997-1 [Eurocode 7. Geotechnical design. Part 1. General rules EN 1997-1], Ministry of Regional Development
of Ukraine, Kyiv, Ukraine.

12. Ministry of Regional Development and Construction of Ukraine (2011), DSTU B V.1.1-28:2010 Zakhyst vid nebezpechnykh
heolohichnykh protsesiv, shkidlyvykh ekspluatatsiinykh vplyviv, vid pozhezhi. Shkala seismichnoi intensyvnosti [DSTU B V.1.1-
28:2010. Protection against hazardous geological processes, harmful operational impacts, and fire. Scale of seismic intensity], Min-
istry of Regional Development and Construction of Ukraine, Kyiv, Ukraine.

13. Zotsenko, M.L., Kovalenko, V.I., Yakovlev, Petrakov, O.0., Shvets, V.B., Shkola, O.V., Bida, S.V. and Vynnykov, Yu.L.
(2003), Inzhenerna heolohiia. Mekhanika gruntiv, osnovy i fundamenty [Engineering geology. Soil mechanics, bases and founda-
tions], Poltava National Technical University, Poltava, Ukraine.



https://eurocodes.jrc.ec.europa.eu/EN-Eurocodes/eurocode-7-geotechnical-design

ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2025. Ne 173 21

14. Luchko, Y.Y. (2013), Gruntoznavstvo, mekhanika gruntiv, osnovy ta fundamenty [Soil science, soil mechanics, bases and
foundations], Kameniar, Lviv, Ukraine.

15. Borzyak, O.S., Trykoz, L.V. and Herasymenko, O.S. (2017), Inzhenerna heolohiia [Engineering geology], UkrDUZT,
Kharkiv, Ukraine.

16. Borziak, O.S., Liutyi, V.A., Romanenko, O.V. and Podtelezhnikova, 1.V. (2022), Inzhenerno-heolohichni doslidzhennia dlia
budivnytstva [Engineering and geological surveys for construction]. UkrDUZT, Kharkiv, Ukraine.

17. Kostenko, M.M. and Shutenko, L.M. (2018), “Problematic issues of geotectonic zoning of the Ukrainian Shield basement
and ways of solving them”, Mineral Resources of Ukraine, vol. 2, pp. 21-29.

18. Ministry of Environmental Protection of Ukraine, State Geological Service and Ukrainian State Geological Survey Institute
(2007), Tectonic map of Ukraine. Scale 1:1,000,000. Explanatory note, UkrDGRI, Kyiv, Ukraine.

19. Karty Ukrainy (2024), Seismichne raionuvannia Ukrainy [Geomap Ukraine, n.d. Seismic zoning map of Ukraine], Available
at: https://geomap.land.kiev.ua/zoning-16.html (Accessed 03 October 2024).

20. Ministry of Environmental Protection of Ukraine, State Geological Service, Ukrainian State Geological Survey Institute and
Ivan Franko National University of Lviv (2007), Tektonichna karta Ukrainy. Masshtab 1:1000000. Chastyna Il. Tektonika fundamentu
Ukrainskoho shyta. Masshtab 1:2000000. Poiasniuvalna zapyska [Tectonic map of Ukraine. Part II: Tectonics of the Ukrainian Shield
basement. Scale 1:2,000,000. Explanatory note], UkrDGRI, Kyiv, Ukraine.

21. Suiarko, V.H., Velychko, V.M., Havryliuk, O.V., Sukhov, V.V., Nyzhnyk, O.V., Biletskyi, V.S., Matvieiev, A.V., Ulitskyi, O.A.
and Chuiienko, O.V. (2019), Inzhenerna heolohiia (z osnovamy heotekhniky) [Engineering geology (with fundamentals of geotech-
nics)], in Suiarko, V.H (ed.), V.N. Karazin Kharkiv National University, Kharkiv, Ukraine.

About the authors
Bezruchko Kostiantyn, Doctor of Geology Science, Senior Researcher, M.S. Poliakov Institute of Geotechnical Mechanics of
National Academy of Sciences of Ukraine (IGTM NAS of Ukraine), Head of Department of Geology of Coal Beds at Great Depths,
Dnipro, Ukraine, gvrvg@meta.ua (Corresponding author), ORCID 0000-0002-3818-5624.

FEONOTIYHI ACMEKTU BYAIBHULITBA NIA3EMHUX OB’EKTIB B YKPAIHI
Bbe3spy4yko K.A.

AHortauis. MigzemHe byaiBHMLTBO HabyBae Aeaani 6inNblLIOro 3HaYEHHS B yMOBaX 3pocTatoyoi ypbaHisayii, aedium-
Ty BiNlbHVX TEPUTOPIN Ta HeObXIQHOCTI 30EPEXEHHS MPUPOAHOro CepeaoBuLla. 3BEAEHHS XUTIOBMX, TPOMAACHKUX Ta
MPOMMCIIOBUX CIOPYA Mg 3EMME BUMarae peTenbHOro aHanisy reosiorivyHmx, reodisnyHnX i rigporeonoriyHmx yMos, Lo
BM3HAYaloTb iXHIO Be3neky, 4OBrOBIYHICTb | EKOHOMIYHY LOLiNbHICTb. PO3rnsaalTbCs OCHOBHI reonorivHi, reodisnyHi Ta
rigporeonorivxi hakTopu, WO BNMBAKTL Ha Mig3emMHe ByaiBHULTBO XMTMNOBMX, FPOMAACHKMX Ta NPOMUCIOBUX 06'EKTIB.
OuiHeHo ixHin BNnvB Ha BUGIp Micus ByaiBHWLTBA, KOHCTPYKTWBHI 0cobnnBocTi Ta 6e3neky 0b'ekTiB. Po3rnsHyTO MeToaM
BOCTIDKEHHS MiL3EMHOM0 NPOCTOPY Ta HAaBEAEHO pekoMeHaaLlil LOAo MiHiMiaLii puavkis. BusHaueHi Ta npoaHanisoBaHi
reonoriyHi YNHHIMKM LWOAO BEAEHHS Ni3eMHOro byaiBHULTBA, SK CNpUATINBI, Tak i HeraTuBHI. HaBegeHa ix ctucna xa-
pakTepucTuka. 3 OrMsgy Ha Ui YMHHWKW, BU3HAYEHi 3aranbHi MPUHLMNM TeOMOriYHOTO palioHyBaHHA TEPUTOPIN Ta,
3okpema y mexax YKL, Hanbinblw npugatHumu Ans nigsemMHoro ByaiBHULTBA rpOMagChKIX, MPOMUCIIOBUX Ta BOEHHNX
06’exTiB € AinsHku npocToi 6ynoswm (I-0i kaTeropii cknagHOCTI) 3a iHXEHEPHO-TeoNoriYHUMIU YyMOBaMU. A came TepuTopii 3
HW3bKM PIBHEM CEACMIYHOCTI; paioHK 3 MOHOMITHAMM MILHUMM CKENMbHUMM MOpoaamMu (rpaHiTamm Ta rHecamm); Tepu-
TOpii 3 CTabifbHUM reonoriYHNM CepefoBuLLEM, MiHIMANbHUM BrAMBOM PO3NOMHWX 30H Ta HETPILMHYBATUMK
nopogamu, abo nopogamm 3 HU3bKOI TPILLMHYBATICTIO; 06NACTi 3i CTabiNbHUMM TiAPOre0NorYHUMI YMOBAMM Ta HU3bKUM
piBHEM HearpecuBHUX Nig3eMHux Bod. [poaHaniaoBaHo A0CBIA nig3emHoro ByaiBHMUTBA KpaiH (LLBeuis, Hopseris, DiH-
NsHAis), po3TalloBaHnX Y Mexax banTincekoro kpuctaniyHoro wmTa. [JoBeaeHa 3aranbHa cxoxicTb byaoBW Ta reonori-
4HUX ymoB banrincekoro wuta ta YKL, BusHaHo, o B YkpaiHi HanbinbLw AOLINBHUM € NOLUYK ONTUManbHUX AinNsHOK
ANs PO3MILLEHHS Mig3eMHUX 00'eKTiB y Mexax YKpaiHCbKoro kpuctaniyHoro wuta. OctatodHuin Bubip Micus poaTaluysa-
HHS 00'eKTy Mae BigbyBaTuCs 3 Ornsgy Ha MO0 KOHKPETHE LiNboBe NMPU3HAYeHHsI Ta BUMOT 4O HbOrO BifMOBIAHO OO
OyaiBenbHUX NpaBun Ta HOPM.

KntoyoBi cnoBa: nigzemHe OyaiBHALTBO, reonoriyHi ¢hakTopu, rigporeonoris, iHxeHepHa reonoris, reodisnyHi
AOCIIMKEHHS, YKPATHCOKNIA LT,
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