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Abstract
In today’s world of rapid urbanization, environmental safety has become a key aspect of urban planning 
and management. The issue of environmental safety encompasses a wide range of concerns, from pollution 
reduction and biodiversity conservation to ensuring the sustainable use of natural resources. In this context, 
metro facilities, as an integral part of urban infrastructure, play a crucial role in providing mobility for urban 
populations, yet they also pose potential environmental challenges. The operation of metro facilities is 
associated with noise pollution, emissions of harmful substances due to the use of energy produced from fossil 
fuels, energy consumption, undesirable impacts on groundwater, and other negative environmental aspects. 
Equally important is the issue of waste disposal and the use of construction materials during the building 
and maintenance of metro systems. The aim of this study was to assess the environmental safety of metro 
facility operations. The consideration of this topic is particularly relevant in light of global efforts towards 
sustainable development and the need to ensure a high quality of life for urban populations. The assessment 
of environmental safety in metro operations is proposed to be conducted through a comprehensive approach, 
involving field studies and modelling the distribution patterns of defects in metro structures under the influence 
of hydrogeological risks. A systematic approach to evaluating environmental safety in metro operations, based 
on modelling the development of defects in tunnel structures under the influence of hydrogeological factors, 
will help organize existing information on potential accidents and develop monitoring methods and measures 
to minimize risks that compromise the environmental sustainability of underground transport infrastructure. 
The research results, which include the systematization of environmental safety criteria for metro operations 
and the analysis of tunnel structure defects caused by hydrogeological factors, provide the basis for further 
developing methods to ensure environmentally safe operation of urban transport tunnels.
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ТЕХНОЛОГИЧЕСКАЯ БЕЗОПАСНОСТЬ В МИНЕРАЛЬНО-СЫРЬЕВОМ КОМПЛЕКСЕ 
И ОХРАНА ОКРУЖАЮЩЕЙ СРЕДЫ
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Обоснование экологической безопасности при эксплуатации 
объектов метрополитена с учетом гидрогеологического риска
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Аннотация
В современном мире стремительной урбанизации экологическая безопасность становится ключевым 
аспектом городского планирования и управления. Проблематика экологической безопасности охва-
тывает широкий спектр вопросов – от снижения уровня загрязнения и сохранения биоразнообразия до 
обеспечения устойчивого использования природных ресурсов. В этом контексте объекты метрополи-
тена как неотъемлемая часть городской инфраструктуры играют важную роль в обеспечении мобиль-
ности городского населения, однако они также представляют собой потенциальный источник эколо-
гических проблем. Эксплуатация объектов метрополитена сопровождается шумовым загрязнением, 
эмиссией вредных веществ, так как системы метрополитена используют энергию, производимую из 
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Introduction
To assess the environmental safety of metro sys-

tems, several key criteria must be considered to help 
ensure their sustainable operation.

Hydrogeological criterion. This includes deter-
mining the hydrostatic pressure of groundwater, its 
mineralization, and composition.

Pollutant emissions. This involves measuring le- 
vels of carbon dioxide emissions, nitrogen oxides, and 
other pollutants that may affect air quality in cities. 
Particular attention should be given to areas with 
high concentrations of people, such as metro stations 
and transfer hubs.

Noise pollution. Metro operations are often ac-
companied by high noise levels, which can negatively 
affect the health and quality of life of city residents. It 
is important to assess noise levels and take measures 
to reduce them.

Energy efficiency. Efficient energy use is a key 
factor in reducing the environmental impact of met-
ro systems. This includes the use of energy-saving 
technologies and transitioning to renewable energy 
sources.

Waste management and material use. Proper waste 
management during the construction and operation 
of metro systems, as well as the selection of environ-
mentally sustainable materials, are critical aspects.

Impact on ecosystems and biodiversity. It is neces-
sary to consider the impact of metro systems on natu-
ral ecosystems, particularly during the construction of 
new metro lines and the development of infrastructure.

Applying these criteria requires a comprehensive 
approach that includes regular monitoring, the use of 
modern technologies, and innovative solutions. It is 
also essential to develop and implement regulatory 
frameworks that govern the environmental aspects of 
metro operations.

Environmental safety criteria should be regularly 
reviewed and updated in accordance with the latest 
scientific research and technological advancements. 
This will ensure adaptability and continuous im-
provement in response to changing conditions and 
potential emergencies.

Implementing these criteria will not only reduce 
the negative environmental impact of metro systems 
but also increase their efficiency and convenience for 
both staff and passengers, thus contributing to the 
sustainable development of urban transport systems.

Examples of best practices
Stockholm Metro, Sweden. One of the most en-

vironmentally friendly metro systems in the world. 
Thanks to the use of 100% renewable energy for met-
ro trains, Stockholm has significantly reduced the 
carbon footprint of its transport system. Additionally, 
efficient ventilation and noise reduction systems have 
been implemented.

Singapore Metro. An example of a highly effi-
cient and innovative transport system. The Singapore 
metro uses regenerative braking, which helps reduce 
overall energy consumption. Strict standards for noise 
and air pollution reduction are also applied.

ископаемых источников, энергопотреблением, нежелательным влиянием на подземные воды и дру-
гими негативными экологическими аспектами. Также не менее важным является вопрос утилизации 
отходов и строительных материалов, используемых при строительстве и ремонте метрополитенов. 
Целью данного исследования являлась оценка экологической безопасности при эксплуатации объ-
ектов метрополитена. Рассмотрение этой темы особенно актуально в свете глобального стремления 
к устойчивому развитию и необходимости обеспечения высокого качества жизни городского населе-
ния. Оценку экологической безопасности при эксплуатации объектов метрополитена предполагается 
осуществлять на основе комплексного подхода, подразумевающего проведение натурных исследо-
ваний и моделирования характера распределения дефектов в конструкциях подземных сооружений 
метрополитена под воздействием гидрогеологических рисков. Системный подход к оценке эколо-
гической безопасности при эксплуатации объектов метрополитена, основанный на моделировании 
развития дефектов в конструкциях тоннелей под действием гидрогеологических факторов, позволит 
структурировать имеющуюся информацию по потенциальным авариям, выработать методы монито-
ринга и меры по минимизации рисков, ведущих к снижению экологической устойчивости подземных 
объектов транспортной структуры города. Полученные результаты исследований, включающие в себя 
систематизацию критериев экологической безопасности при эксплуатации метрополитена, анализ 
дефектов в конструкциях тоннелей под действием гидрогеологических факторов, являются основой 
для дальнейшей разработки методики обеспечения экологически безопасной эксплуатации город-
ских транспортных тоннелей. 
Ключевые слова
метрополитен, экологическая безопасность, устойчивое развитие, городская транспортная система, 
экологические стандарты, инновационные технологии, риски
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London Underground, United Kingdom. A program 
has been introduced to reduce energy consumption 
and improve air quality. The London Underground is 
also actively working on improving its infrastructure 
to reduce noise and vibration levels.

Examples of problematic aspects
New York City Subway, USA. Despite its size and 

significance, it faces several environmental challeng-
es, primarily related to outdated infrastructure and 
high noise levels. Projects for infrastructure modern-
ization and energy efficiency improvement are in de-
velopment and implementation stages.

Moscow Metro, Russia. Although steps have been 
taken in recent years to improve environmental safety, 
such as the introduction of energy-efficient lighting 
and improved ventilation, challenges remain related 
to the aging infrastructure and changing geological 
and hydrological conditions due to urban landscape 
transformations.

Materials and methods
One of the most hazardous environmental risks 

in underground metro facilities, which significantly 
reduces environmental safety, is hydrogeological risk. 
This refers to potential social and economic losses 
resulting from the development of adverse hydro-
geological processes, which manifest as a reduction 
in the stability of metro tunnels and environmental 
safety within the “rock mass–underground structure–
environment” system. Hydrogeological risks are evi-
denced by the formation of defects in the supporting 
structures of tunnels, such as leaks, water ingress, soil 

Fig. 1. Leaching and wet spots at the 
inter-ring and inter-block joints of the 
tubbing lining, active leakage. Crack in 

the back of the tubbing

Fig. 2. Soil washout into the area  
of the contact rail

Fig. 3. Leaching and destruction  
of the concrete structure  

of the roof slab due to erosion  
of the waterproofing barrier

washouts into underground facilities, water break-
throughs, and quicksand.

As an example, we can consider the assessment of 
environmental safety at an existing Moscow metro fa-
cility, based on data from engineering geological sur-
veys conducted over different periods. Photographs of 
the Moscow metro tunnel are shown in Figs. 1–3.

During the in-situ inspection of the structures at 
the emergency section of the running tunnel of the 
Moscow Metro line, the following most characteristic 
defects and damages were identified:

– concrete spalling in wall blocks, including areas 
with exposed reinforcement;

– concrete spalling in roof slabs, including areas 
with exposed reinforcement;

– leaching observed on the wall blocks of the run-
ning tunnel;

– leaching observed on the roof slabs of the run-
ning tunnel;

– wet spots on the wall blocks of the running 
tunnel;

– disruption of joint sealing in wall blocks and 
roof slabs;

– active leakages;
– cracks in the roof slabs with an aperture width 

of up to 0.2 mm.
The classification of the identified defects is re-

flected in Table 1.

Results
The geological cross-sections of the examined 

section of the running tunnel, observed over different 
time periods, are shown in Figs. 4 and 5.
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Table 1
Classification of defects (according to GOST R 57208–2016)

No Type of defect Possible causes Potential consequences

1 Concrete spalling in wall blocks and 
roof slabs, including areas with exposed 
reinforcement

Mechanical impact Reduction in load-bearing capacity 
proportional to the decrease in cross-
sectional area

2 Leaching on wall blocks and roof slabs 
of the running tunnel. Wet spots on wall 
blocks. Dripping. Active leakages

Waterproofing failure Concrete degradation, metal and 
reinforcement corrosion, reduction in 
operational performance

3 Steps at the joints of the roof slabs in 
the running tunnel up to 30 mm

Errors during manufacturing and 
installation

The degree of reduction in load-bearing 
capacity is determined by calculation

4 Cracks in roof slabs with an aperture 
width of up to 0.2 mm

Shrinkage due to the heat and moisture 
treatment of the concrete mix, properties 
of the cement, etc.

No effect on load-bearing capacity. 
May reduce durability

5 Disruption of joint sealing in wall 
blocks and roof slabs

Tunnel and metro operations (including 
vibrations from moving trains)

Increased water infiltration and reduced 
operational performance of the structure

Fig. 4. Geotechnical cross-section of the running tunnel section between stations at time period t1
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From the presented cross-sections, it can be con-
cluded that the level of the aquifer has changed over 
time, which significantly affected the physical and 
mechanical properties of the rock and the develop-
ment of defects in the load-bearing structures of the 
tunnel, primarily influencing the geometry of the 
tunnel lining. 

To determine the rate of decline and recovery of 
water inflow, calculations of the filtration properties 
of the aquifer near the running tunnel were conduc- 
ted (Table 2).

Based on observations of the aquifer level near 
the running tunnel, changes in the hydrological re-
gime were identified (Figs. 6 and 7). The presented 
graphs indicate that over an extended period, the  
aquifer level fluctuated within a range of 2 to 16 m.

As part of the inspection of the technical con-
dition of problematic sections of running tunnels, 
in-situ measurements of the actual geometric di-
mensions of the tunnel structures were carried out. 
The measurements of the actual dimensions of the 
studied structures were conducted using a Leica DIS-
TO D2 handheld laser distance meter. Measurement 
accuracy: ±1.5 mm. Based on the measurement re-
sults, deviations of the actual geometric dimensions 
of the tunnel lining from the design values were 

identified, with deviations exceeding 50 mm at the 
examined chain ages (Fig. 8). The area highlighted in 
Fig. 8, a represents an oversized section of the metro 
tunnel lining that could lead to the development of 
a potential emergency situation. The area highligh- 
ted in red in Fig. 8, b shows an oversized section of 
the  metro tunnel lining before the process of rein-
forcing the base of the trough zone, which could also 
create a  potential emergency risk. The blue-high-
lighted area shows the results of measurements ta- 
ken after the reinforcement process, which reduced 
the deformation from 100 to 40 mm.

Nadyursky
aquifer

Jurassic
aquifer

Nadyursky
aquifer

Jurassic
aquifer

Fig. 5. Geotechnical cross-section of the running tunnel section between stations at time period t2

Table 2
Aquifer characteristics

Characteristics Value

Type of aquifer Confined

Aquifer thickness, H (m) 17.8

Well radius, m 0.063

Pumping duration, days 0.5

Discharge rate, m³/day 64.8

Static water level, m 7.2

Dynamic water level, m 23.45

Water level drawdown, m 16.25
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Fig. 6. Graph tracking the decline of the water level 
in the well
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Fig. 7. Graph tracking the recovery of the water level 
in the well
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Fig. 8. Deformation graph of the tunnel lining:

а – for the first track (left running tunnel); b – for the second track (right running tunnel)
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From Fig. 8, it follows that deformation processes 
caused by increased groundwater inflow to the tunnel 
lining lead to cracking in the cast iron tubbing struc-
ture. This, in turn, contributes to the formation of 
leaks and soil washouts into the interior space of the 
tunnel, including onto the track sections.

Based on the results of the in-situ inspection, 
a  defect map of the tunnel lining was created, with 
a fragment shown in Fig. 9.

Conclusions
The identified changes in the tunnel lining struc-

ture showed that 60% of the leaks are concentrated 
around the locations of construction joints. The tub-
bing itself also begins to filter water, exacerbating 
leaching processes, which leads to the appearance of 

wet spots. Since the surrounding rock mass consists 
of weak, unstable soils, the washout of soil into the 
tunnel space could result in subsidence, which, in 
turn, would cause deformations and settlement of the 
ground surface. Consequently, there is a marked re-
duction in the environmental and geotechnical safety 
level of the metro running tunnel.

The obtained research results, including the 
analysis of defects in tunnel structures caused by hy-
drogeological factors, form the basis for further de-
termination of acceptable risks and the development 
of methods for ensuring the environmentally safe 
operation of urban metro transport tunnels.

Future plans include the creation of a geome-
chanical impact model on metro structures. The 
modeling will allow for the evaluation of how geome-

– leaching;
– leaching with wet spot;
– cracks in cast iron blocks of the lining;
– dropping;
– active leakage and water inflow rate, liters / hour;
– drainage tube and water inflow rate, liters / hour (if present);
– missing (or faulty) bolt connections;

– reinforcement elements for the cast iron blocks of the lining;

– measurement points for the lining diameter

Legend:

Segmented rings
of the tunnel lining

Ring No Ring No

Fig. 9. Tunnel lining defect map, obtained  
from the in-situ inspection of operational facilities (PK167+00.0)
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