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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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AHHOTaUuA

B COBpeMEHHOM MHUpe CTIJEMI/ITeJII)HOI‘ﬁ yp6aHI/I38LU/H/I 3KOJIOrn4yeckKast 6eSOl’[aCHOCTb CTAHOBUTCA K/JIIOUEBbIM
acIeKTOM TOPOACKOTO IVIAHMPOBAHMS U yIIpaBieHus. IIpobaeMaTKa SKOJIOTMUeCKOil 6€30IIacHOCTM OXBa-
TBIBAET MIMPOKUIT CIIEKTP BOITPOCOB — OT CHYDKEHMS YPOBHSI 3arpsi3HEHMSI ¥ COXpaHeHMs1 6MopasHoo6pasus 1o
obecrieueHns YCTOI‘/'I‘{I/IBOI‘O MCITIOJIb30OBaHMS MPUPOOHBIX peCypCOB. B 3TOM KOHTEKCTe 00beKThI MEeTpPOIIOIN-
TeHa KaK HeoTbemJieMast YaCTh FOPOACKOI MHAPACTPYKTYPbI UTPAIOT BasKHYIO POJIb B 06ecrieueHn MOGUIIb-
HOCTHM T'OpPOOCKOr'0 HaCeJlIeHMsI, OJHAaKO OHM TaKXe IIpeacTaB/IsaIOT C060ﬁ HOTEHLU/IaI[beII;'I MCTOUYHUK 3KOJIO-
IUMYecKkux mpobieM. IKCILTyaTalys 06beKTOB METPOIIOIMTEeHA COMPOBOXKIAETCS IIIYMOBBIM 3arpsi3HEHUEM,
IMuccuen BPpEeOHbIX BelleCTB, TaK KaK CMCTEMbI METPOIIOJINTEHA UCIIOJIb3YIOT S9HEPTUIO, ITPOM3BOAMMYIO U3
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MCKOIIaeMbIX MCTOUYHMUKOB, IHEPTOIOTPEO/IeHIEM, HEXKeIaTeTbHbIM BJIMSIHMEM Ha MOA3eMHbIE BOIbI U IPY-
MMM HETATUBHBIMU KOJIOTMUECKUMMU acrekTaMu. Takske He MeHee BasKHBIM SIBJISIETCSI BOTIPOC YTUIU3AIUN
OTXOZI0B ¥ CTPOUTEIbHBIX MaTepualioB, UCIOIb3yEMbIX MPU CTPOUTENBCTBE U PEMOHTE METPOIIOIUTEHOB.
[lesblo JAHHOTO MCCIEAOBAHMUS SIBJISIACH OIIEHKA IKOJOTMUYECKOI 6e30MacHOCTU MPU IKCILTyaTaluu 00b-
eKTOB MeTporonuTeHa. PaccMoTpeHne 3Toil TeMbl 0COOEHHO aKTyalTbHO B CBETE ITI00aTbHOTO CTPeMIIeHUS
K YCTOMYMBOMY Pa3sBUTUIO Y HEOOXOAMMOCTM 0OecrieueHys: BHICOKOTO KauecTBa KM3HM FOPOJCKOro Hacesie-
Husi. OIIeHKY 9KOJIOTMYeCcKOoil 6e30MacHOCTM IIPY IKCIUTyaTaluy 06’beKTOB MEeTPOIIOINTEHA TTPEeITIOIaraeTcs
OCYILECTB/ISITh HA OCHOBE KOMILJIEKCHOTO IOAX0/a, IoJpa3yMeBaloniero MpoBeieHe HaTYPHbIX UCCIeN0-
BaHUII ¥ MOZEIUPOBAHMS XapaKkTepa pacupeneneHus AedeKTOB B KOHCTPYKIMSIX TTOJ3€MHBIX COOPYKEHMUIA
MeTpPOIIOIUTEeHA TI0f, BO3JEMCTBMEM TMAPOTreoJornueckux puckoB. CUCTEMHBIN TOOXON K OILleHKe 3KOJIO-
I'MYeCcKoii 6e30MacHOCTU MPU IKCIUTyaTalMy 0ObEKTOB METPOTOIMTEHA, OCHOBAHHBIN Ha MOJETMPOBAHUM
pa3BuTust gedeKToB B KOHCTPYKUMSIX TOHHEIe! Mo, AefiCTBMeM TUIPOTeooTnyecKkux (HakTopoB, TO3BOIUT
CTPYKTYPUPOBATb MMEIOIYIOCS MHPOPMAIMIO IO MOTEHIMATbHbIM aBapyusIM, BbIpab0TaTh METOAbI MOHUTO-
pPUHTA ¥ MepbI 110 MMHUMU3ALUUY PUCKOB, BEIyIINX K CHVDKEHUIO SKOJIOTUYECKO YCTOMUMBOCTY TOJ3€ MHBIX
06BEKTOB TPAHCIIOPTHOM CTPYKTYPbI ropoza. ITomyueHHbIe pe3yabTaThl UCC/IeLOBaHN, BKIIOYAIOII/E B ceOs
CUCTEMATU3AIMI0 KPUTEPUEB IKOJOTUUYECKOI O€30MacCHOCTU MPU IKCIUTyaTalluy METPOIONUTEHA, aHAINU3
IedeKkToB B KOHCTPYKIMSIX TOHHEJIe MO IeiCTBYEM TUIPOTeoOTUYeCKNX (PaKTOPOB, SIBISIIOTCSI OCHOBOM
LISl manbHelineil paspaboTKM METOAVKY 06ecrieyeHst IKOJIOTMYeCKy 6e30MacHoi aKCIuTyaTaluu ropos-

CKMX TPAaHCIIOPTHBIX TOHHeJIe.
KnioueBble cnoBa

MEeTPOIIOJINTEH, 3KOJIOIrnm4yecKas 6630HaCHOCTb, YCTOVI‘IMBOG pa3BuUTHE, TOpoaCKasi TPaHCIIOPTHAs CuUCTeMma,
9KOJIOrmYeCKre CTaHOapThl, MHHOBAIIMOHHBIE TEXHOJIOTUN, PUCKN
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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.
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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

h
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
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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.

of the concrete structure
of the roof slab due to erosion
of the waterproofing barrier

285



MINING SCIENCE AND TECHNOLOGY (RUSSIA)
FOPHbIE HAYKU U TEXHOJIOIMA

2024;9(3):283-291

elSSN 2500-0632

https://mst.misis.ru/

Zhukov S. A. Substantiation of environmental safety in metro facility operations considering hydrogeological risks

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 Mechanical impact Reduction in load-bearing capacity
roof slabs, including areas with exposed proportional to the decrease in cross-
reinforcement sectional area

2 |Leaching on wall blocks and roof slabs | Waterproofing failure Concrete degradation, metal and
of the running tunnel. Wet spots on wall reinforcement corrosion, reduction in
blocks. Dripping. Active leakages operational performance

3 |Steps at the joints of the roof slabs in | Errors during manufacturing and The degree of reduction in load-bearing
the running tunnel up to 30 mm installation capacity is determined by calculation

4 | Cracks in roof slabs with an aperture Shrinkage due to the heat and moisture  |No effect on load-bearing capacity.
width of up to 0.2 mm treatment of the concrete mix, properties |May reduce durability

of the cement, etc.
5 |Disruption of joint sealing in wall Tunnel and metro operations (including |Increased water infiltration and reduced

blocks and roof slabs

vibrations from moving trains)

operational performance of the structure
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Fig. 4. Geotechnical cross-section of the running tunnel section between stations at time period t,
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Fig. 5. Geotechnical cross-section of the running tunnel section between stations at time period t,

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.

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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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
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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-

Segmented rings
of the tunnel lining
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Fig. 9. Tunnel lining defect map, obtained
from the in-situ inspection of operational facilities (PK167+00.0)
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chanical phenomena such as karst processes, ground  using a three-dimensional numerical method in the
surface subsidence, soil heaving, and changes in the =~ ANSYS Workbench software package. Comparing the
groundwater regime contribute to the stress-strain  results of the modeling with experimental data will
state of the prefabricated lining of metro running  allow for an assessment of the reliability of the pro-
tunnels. The modeling is planned to be conducted  posed methodology.
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