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Abstract

Introduction. In today's world, with the increasing pace of urbanization, environmental safety plays a crucial role in
urban planning and management. Subway operations, as an important part of urban infrastructure, contribute to
population mobility, but they can also cause significant environmental problems. Such scientists as Kulikova E.Yu.,
Konyukhov D.S., Potapova E.V., Balovtsev S.V., Chunyuk D.Yu., etc have studied these issues. However, their
research mostly ignores the fact that one of the major threats to environmental safety is the degradation of tunnel linings
due to hydrogeological processes. This not only increases the risk of accidents but also increases the likelihood of
negative impacts on groundwater and the environment. Therefore, the study of the nature of the development of defects
in tunnel linings and their dynamics over time is of both scientific and practical interest, and is the aim of this research.
To achieve this objective, it is necessary to analyze the relationship between the condition of the tunnel lining and
environmental safety based on data about defects in subway tunnel structures and their impact on the environment.
Materials and Methods. For this study, we used defective sections of the subway tunnel linings from several lines of
the Moscow Metro as materials. We conducted field studies of the lining's condition and geodetic surveys of the
tunnels, which revealed significant changes in the indicators compared to the normative values as a result of the
interaction between the human-made environment and the surrounding nature. Additionally, we employed
seismoacoustic inspection methods to inspect the tunnel linings using shock excitation.

Results. Data on the dependence of defect development on changes in groundwater level has been obtained. Defects in
tunnel linings contribute to the leakage of chemically active substances into soil and groundwater, which threatens
biodiversity and reduces water quality used by the population.

Discussion and Conclusion. Field surveys have shown that defects in tunnel linings, such as cracks, concrete leaching,
and waterproofing violations, have a direct impact on environmental safety. Therefore, maintaining the integrity of
these structures is a key element in ensuring environmental safety in urban areas. The results of this research will form
the basis for developing comprehensive proposals to improve monitoring techniques and ensure the structural integrity
of tunnel structures.

Keywords: metro, environmental safety, sustainable development, urban transport system, environmental standards,
innovative technologies
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OleZuH(UZ bHOe dImnupuveckoe uccnedosanue

O0ocHOBaHNEe KPUTEPHEB M OLICHKA IKOJOrH4eCKOoil 0€30IaCHOCTH NPH IKCILIyaTalluu
00bEeKTOB METPOIOJIMTEHA

C.A. Kykos
AO «MocHuHXIIpoeKT», T. MockBa, Poccuiickas dexepanus
DA fragrante@mail.ru

AHHOTaNUs

Beeoenue. B coBpeMeHHOM Mupe, Tie¢ TeMIbl ypOaHH3alMM HEYKIOHHO pPAacTyT, JKOJOTHYecKas O0e301acHOCTh
BBICTYIIa€T B Ka4yeCTBE KPHUTHYECKOTO acleKTa TOpOJACKOr0 IUIAHUPOBAHUS W YHpaBJICHHS. OKCIUTyaTalus
METPOMOINTEHOB, OyAydd Ba)KHOH YaCTBIO TOPOJCKONH HH(PACTPYKTYpHI, BHOCHT CBOH BKJIAA B MOOMIBHOCTB
HaceJIeHHsl, HO TAK)KEe MOXET CTaTh UICTOYHHKOM 3HAYUTEJIBHBIX SKOJIOIMYECKUX MpoOiieM. JlaHHas TemMa nucciaeqoBaHa B
Tpyaax Takux ydeHslx, kak E.}O. Kymmkosa, [I.C. Konroxos, E.B.Iloranosa, C.B. banosues, JI.}O. UyHtok u np.
OpHako B uX paboTax MPaKTHYECKH HE YYMTHIBAECTCS TOT (aKkT, YTO OJHOH M3 OCHOBHBIX YTPO3 3IKOJIOTHYECKOH
0€301aCHOCTH SIBJISICTCS YXYALICHUE COCTOSIHMS TOHHENIbHOW OOAEIKH I0J BO3JEHWCTBHEM THIPOTe0JIOTHUECKUX
MIPOIIECCOB, KOTOPBIE HE TOJILKO YCHWJIMBAIOT PUCK aBapPUHHBIX CUTYalWi, HO M MOBBIIIAIOT BEPOSITHOCTh HETaTHBHOTO
BO3/ICHCTBUS Ha TOA3EMHBIC BOABI M OKPYXKAaIOIIyIo cpedy B menoM. IlosTomy mccrienoBaHue xapaxkrepa pa3BUTHSA
[[e(beKTOB B TOHHCJIBHBIX 06;:[enl<ax U UX JUHAMUKHU MPCACTABIACT HayLIHO-l'IpaKTI/I‘-ICCKI/Iﬁ HHTEPEC U ABJIACTCA LEJIBIO
JaHHOW paOoThl. J[ns peasm3anyy MocTaBICHHOW IIETM HEOOXOAMMO NPOaHAJIM3MPOBATh CBSI3H MEXIY COCTOSHHUEM
TOHHEJIbHOW OO/IENIKN M 9KOJIOTHIECKOH 0€301acHOCThI0, OCHOBBIBASCh HA TAHHBIX O JIe()eKTaX KOHCTPYKLUH TOHHETIEeH
METPOMOIUTEHA U X BIUSHUYU HA OKPY’KAIOLIYIO CPELY.

Mamepuansl u memoost. MarepuanaMu sl TAaHHOTO HWCCJIENOBAaHMS TOCIYXKHIH JeQEeKTHbIE YYaCTKH OOIEIKH
MEPETOHHBIX TOHHENEW HEKOTOpBIX JHMHUKA MOCKOBCKOrO MeTpomnoiuTeHa. IIpoBeneHbl HaTypHBbIE HCCIIEIOBaHUS
COCTOSIHMSI OOJICNIKM U Te0JIe3UndecKasi CheMKa TYHHEIs, KOTOpbIe MPOJEMOHCTPUPOBAIN 3HAYUTEIbHBIE M3MEHEHUS
MoKa3aresyield, 0 CPaBHEHHIO ¢ HOPMAaTHBHBIMH, B PE3YJIbTaTe B3aMMOJCHCTBHSI TEXHOTEHHOW CPEIbl C OKpY’Karouen
npuposoid. Ilpy mpoBeneHMM HCCIEIOBAaHMS HCIIONB30BAHBI TAKXKE METOABI CEHCMOAKYyCTHYECKOro 00CIeJOBaHMS
00JeTTKM TOHHES ¢ IOMOIIBI0 YAApHOTO BO30YKICHUS.

Pesynemamut uccnedosanus. IlomydeHbl naHHBIE O 3aBUCHMOCTH pa3BUTHS Je(EKTOB OT HM3MEHEHUS YPOBHS
TPYHTOBBIX BOJ. JlehekThl TOHHENBHOIH OOAENKH CIIOCOOCTBYIOT yTE€UYKE XMMHUYECKH AKTUBHBIX BEIIECTB B I'PYHT U
MIOJ3E€MHBIE BOABI, YTO YIPOXKaeT OMOpa3HOOOPa3HIO U CHIDKAET KAueCTBO BOJbI, HCIIOIB3yEMOI HACETICHUEM.
Oobcyrcoenue u 3axniouenue. TIpoBecHHBIC HATYPHBIC M3BICKAHMS MMOKAa3aJd, 4TO JAC()EKThl TOHHEIBHOM O0CeNKH,
Takhe KakK TPEIIWHBI, BbINIEaYMBaHUEe OETOHa M HAapyIICHWE T'MIPOW3O0JIIMHM, OKa3blBAlOT NPsSMOE BIMSHHE HA
9KOJIOTHYECKyl0 Oe3omacHOCTh. TakuMm 00pa3oM, NOAJAEpP)KAHWE LEJIOCTHOCTH TOHHEIBHOW OOJENKH SBIISETCS
KJTFOUEBBIM AJIEMEHTOM 00ECTIeYeHHsI SKOJIOTHIECKON 0€30MacHOCTH B TOPOJICKHX YCIOBUSX. Pe3ynbTaTsl MpoBeAeHHBIX
HcceI0BaHuN OyayT CITy>KUTh (pyHIaMEHTOM JUIS pa3pabOoTKH KOMIUICKCHBIX MPEATIOKEHHUH 10 YIy4IIeHHI0 METO0B
MOHHUTOPHUHTA U 00ECTIEICHHUS CTPYKTYPHOM [IEIOCTHOCTH TOHHETIBHBIX KOHCTPYKIIHH.

KirodeBble cjI0Ba: METPOINOJIUTEH, 3KOJIOTHUYECKass OE30MacHOCTh, YCTOMYMBOE Pa3BUTUE, TOPOJCKAs TPAHCIIOPTHAs
CHCTEMa, SKOJIOTUYECKUE CTaHIaPThl, UHHOBAIIMOHHBIE TEXHOJIOTUH, PUCKU

Baarogapuoctu. ABTOop Onaromaput pykoBoautens HaywgHoro mnpoekta OOO «HUI] ToHHempHOW accOIMamum,
KaH/u/1aTa TEXHUYECKUX Hayk, goueHTa A.T. ViBaHoBa, OKTOpa TEXHUYECKUX HAyK, Mpodeccopa, BEAYLIero HayuHOTro
COTpYJIHHMKa HccliefoBaresibckoro nenrpa M.B. CuzmopoBa 3a mpoBeieHHbIE MMHU JKCIIEPTHBIE MHTEPBBIO, a TaKKe
koyuteKTUB AO «MocMeTpoCTpoii» 3a MOMOIIH B OPTaHU3aINH HCCIIEIOBAHMS.

Jdass murupoBanusi. JKykoB C.A. OGOCHOBaHHE KpPUTCPUEB M OLCHKA 9SKOJIOTMYECKOH Oe30MacHOCTH IpH
JKCIUTyaTallud OOBEKTOB METPOIIONUTCHA. He30nacHocms mMexHo2eHHbIX U npupooHwix cucmem. 2024;8(4):16-28.
https://doi.org/10.23947/2541-9129-2024-8-4-16-28

Introduction. The construction and operation of subways are accompanied by increased environmental risks [1]
associated with geological and geochemical hazards, noise, vibration, biological influences, etc. [2]. At the same time,
the main criteria that must be taken into account when managing environmental risks at metro facilities include:

— technical criteria, which aim to minimize potential accidents and emergency situations (minimizing the ingress of
hazardous and harmful substances used in the technological process into the biosphere components);

— economic criteria, which are designed to minimize investment risks in the operation of a particular metro facility;

— regulatory and legal criteria, which aim to geo-ecological, technological, and operational safety of metro facilities;

— resource criteria, which regulate the intensity of natural resource use in metro operations;

— landscape and geographical criteria, which aim to reduce undesirable environmental impacts on geographical
components of natural and technical geosteme.

Technosphere Safety

17


mailto:fragrante@mail.ru
https://doi.org/10.23947/2541-9129-2024-8-4-16-28
https://orcid.org/0009-0007-6492-6696

https://bps-journal.ru

18

Safety of Technogenic and Natural Systems. 2024;8(4):16-28. eISSN 2541-9129

Monitoring of the above criteria can only be effective with the combined use of geotechnical and geoecological monitoring.

It should be noted that one of the main factors leading to decreased environmental safety in metro tunnels [3] is
geological risk [4]. Moreover, it is the hydrogeological component of the geological risk that determines the nature of
the decrease in reliability and durability of underground metro facilities [5]. At the same time, defects such as leaks,
fractures, ellipticity, etc., can quickly develop in tunnels due to concomitant occurrences of quicksand breakthroughs,
water intrusion, and the accumulation of loose aggregate in the space between the tunnel lining and the rock [6]. The
aim of this paper was to analyze the development of defects in metro tunnels, study their dynamics and assess the
impact of tunnel lining conditions on the environment.

Materials and Methods. The material for this study was the results of a survey of the metro tunnel lining. It was
conducted using geodetic surveying, including seismic and acoustic methods using shock excitation.

The operational regime of metro facilities is largely determined by the nature of changes in the stress-strain state
of the rock mass that houses the underground facility and the hydrogeological conditions in the area where it is
located. Variability in hydrogeological situation over time often leads to the development of deformation
processes [7], which can cause wear of tunnel linings and reduce the operational performance of the facility [8].
This is especially important to take into account when working with unstable loose soils, as changes in their
structure can lead to defects in tunnel linings, as well as the movement of loose aggregates and large volumes of
water into the developed spaces [9].

Fluctuations in hydrostatic pressure in such soils can lead to the rapid development of emergencies associated
with weakening of strength characteristics of the lining, changes in the structure of the overlying soils and,
accordingly, subsidence of earth's surface. This can cause deformation and destruction of underground utilities,
buildings, and structures on the surface. Decreased tightness of tunnel lining indicates decreased hydrostatic
pressure in the rock mass, which can lead to emergencies.

Classical monitoring of hydrological situation in metro tunnels [10] is an integral part of ensuring the environmental
safety of operation of its facilities [11]. Figures 1-4 show photographic materials from the monitoring of an interstation
tunnel on one of the Moscow Metro lines.

Fig. 1. Leaching and wet spot in the inter-ring Fig. 2. Soil washout into the area of the contact rail
and inter-block joint of the lining active leakage
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Fig. 3. Bolt malfunction

The examination of defective sections formed as a result of an accident allowed us to systematize the main
violations in the block, their possible causes, and consequences of their development in accordance with

GOST R 57208-2016' (Table 1).

Fig. 4. Leaching and wet spot in the inter-ring and inter-block
joint of the lining, active leak. A crack in the back of the tubing

Classification of defects

Table 1

No. Type of defect

Potential causes

Potential consequences

1 and roof slabs, including areas
with exposed reinforcement

Concrete spalling in wall blocks

Mechanical impact

Reduction in bearing capacity
of the lining

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

Waterproofing violations

Destruction of concrete in structures,
corrosion of metal and reinforcement.
Reducing the operational
characteristics of facilities

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

Manufacturing and installation
errors

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

Cracks in roof slabs with
4 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

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

! GOST R 57208-2016. Tunnels and Subways. Rules of Inspection and Elimination of Defects and Damages under Operation. Moscow: Standartin-

form; 2019. 16 p. (In Russ.)
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Research Results. The study of geological sections at emergency sites revealed changes in the level of aquifers over
time and structural transformations of soils [12]. Additionally, changes in the geometry of the tunnel lining structure
were observed.

During geodetic surveying of the defective sections of running tunnels, measurements of the actual dimensions of
the structures were carried out using a manual laser rangefinder Leica DISTO D2. Measurement accuracy: = 1.5 mm.
Significant dimensional irregularities were discovered:

—on KP0167 + 09 — KP0167 + 23 (up to 303 mm) along track I;

—on KP0166 + 73 — KP0167 + 23 (up to 355 mm) along track II.

The results of measuring the actual geometric dimensions of the structures of the existing metro facilities in the
problem areas under consideration are presented in summary Tables 2 and 3. Figures 5-18 provide the values of
deformations at characteristic points of the lining and a graphical representation of the dependence of deformations on
kilometer posts, indicating dangerous areas along tracks I and II according to the results of geodetic survey. The
position of the characteristic points along tracks I and II is shown in Figure 19.

Table 2
Values of lining deformations of track I
Kp track1 rail level
point 1 point 2 point 3 point 4 point 5 point 6 point 7

165+53.40 —-86 47 30 76 61 -35 18
165+63.40 —38 47 31 21 —65 —24 6

165+73.30 —44 2 13 22 —4 -11 -3

165+83.30 8 12 23 0 35 1 -1

165+93.30 2 10 3 -34 32 -2 1

166+3.40 18 -1 73 -40 —44 -9 -11
166+13.40 -19 -54 1 —41 3 —-11 -15
166+23.40 18 34 32 -95 —40 -3 -1

166+33.30 86 24 -15 =50 -38 -10 —-12
166+34.40 98 75 -25 -98 —-103 -7 -8
166+39.40 128 69 -90 111 —-105 -6 -7
166+50.40 100 31 -86 —68 —58 —-14 -15
166+56.40 70 25 —56 =53 —49 -20 -22
166+62.40 84 75 -1 —44 —42 -9 -12
166+68.40 91 45 19 -21 —69 -11 -14
166+80.40 53 89 —43 -123 43 -11 -12
166+89.50 96 20 —67 =75 —63 22 =23
166+97.50 150 47 -113 -109 —60 =31 -32
167+0.50 144 67 -89 -108 =77 22 23
167+3.50 135 51 76 -89 81 —28 27
167+6.45 110 48 76 -84 -56 —24 =25
167+7.45 99 49 —78 78 —49 —24 -23
167+8.45 117 45 -85 81 =51 -22 -21
167+9.45 -172 23 -187 -182 -352 -21 -21
167+18.30 -150 -59 -303 -351 -322 -10 -9
167+23.55 —-188 -137 —-138 —224 =351 —4 -5
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Table 3
Values of lining deformations of track II
track 2 rail level
KP
point 1 point 2 point 3 point 4 point 5 point 6 point 7
165+69.10 -85 —71 =55 62 95 -19 -2
165+79.10 5 -8 2 17 26 -7 -5
165+89.10 -36 0 —45 =37 -30 -8 -5
165+99.20 =37 43 =32 —40 0 -6 -5
166+19.30 -38 11 58 33 0 -9 —-10
166+29.30 —40 —18 16 39 38 -10 -11
166+39.30 45 14 -85 12 39 -19 -18
166+49.30 40 14 -163 —-102 0 =21 -20
166+59.30 60 55 —86 —146 —-80 -18 -19
166+69.30 150 47 =77 -1 -119 =5 -4
166+79.30 167 21 -129 -154 -119 -21 -19
166+99.40 194 —66 =271 -209 -95 —111 —-105
167+4.40 166 -80 —268 —185 -84 —125 —127
167+7.40 261 11 -267 -284 -197 -127 -127
167+9.40 142 —66 -270 —227 —61 -131 -127
167+10.40 210 7 =273 -291 —-170 —-120 —-120
167+13.40 231 14 —287 =301 -209 -114 -113
167+14.50 181 -92 =301 —242 —-83 =77 75
167+16.40 255 8 -332 -210 —-185 95 -93
167+17.40 210 -3 -334 -235 —181 -87 -85
167+18.40 295 -3 -355 -251 —148 =77 =75
167+19.40 214 —78 -270 —254 =55 =71 72
167+22.40 209 37 275 -194 -189 —44 —47
167+23.50 169 46 -261 -235 -120 -39 —42
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Based on Tables 2 and 3, it could be concluded that deformation processes had a negative impact on the condition of
the tunnel lining, leading to its destruction [13]. An increase in groundwater inflow to the tunnel lining resulted in loss
of anticorrosive and strength properties, which allowed water masses to infiltrate the space between the lining and rock
through leaks and soil washout, reaching the track sections. This can be seen in the defect map created by the

author (Fig. 20).

Photo 1
[

Photo2 . _
KP %3

|
A

Photo 4

Symbols:
[ — Wet spots
AIK — Leaks: A — active, K — drip

—— — Tubing ribs reinforced with metal linings
[X]— Tube cells reinforced with metal linings

[]— Drainage

[ — Washout of gray sand

+—— Org. drain, A — with active water outflow

KP 0167+00
KP 0167+05
KP0167+10
KP0167+20

Zone 2

S KPO167+15

*

=5 o
52 — Cracks, opening size in mm

—— Dismantled bolted connections.

¢ — Deformed bolted connections

Fig. 20. Map of defects in the lining, compiled from field surveys


https://bps-journal.ru/

Zhukov SA. Justification of Criteria and Assessment of Environmental Safety during the Operation of Metro Facilities

When using the method of seismoacoustic survey of the tunnel lining [14] using shock excitation (also called
vibroacoustic, or seismoacoustic, method), zones of weakened contact “lining — soil body” were found. An
electrodynamic sensor was mounted on the surface of the tubing on a special rod and pressed tightly against it. At some
distance from the seismic sensor, the lining was excited using a striker mounted on another support rod. An elastic wave
appeared, which was recorded when a certain threshold was exceeded. An archive of signals and responses was stored
in the buffer of the device, which made it possible to record the full length of the lining response. Figure 21 provides the
results of the survey.

Number of points

T ST e [l

5

KP 0166 + 00,0 s y KP 0167 + 24,1
[ ] — Normal contact “lining — soil body”

[[] — Weakened contact “lining — soil body*

Puc. 21. Pe3ynbpTaTh! celicMOaKyCTHYECKOTO KOHTPOJIS

A geophysical survey of the tunnels space allowed us to identify areas with weakened contact “lining — soil body”:

—on KP0166 + 10.0 in the gutter area on the left side of the running tunnel;

—on KP0166 + 20.0 at the level of the horizontal diameter on the left side of the running tunnel;

—on KP0166 + 30.0 in the gutter area on the left side of the running tunnel;

—on KP0166 + 40.0 in the gutter area on the left side of the running tunnel;

— from KP0166 + 87.0 to KP0166 + 96.0 below the horizontal diameter level in the right part of the running tunnel;

—on KP0167 + 10.0 in the gutter area on the right side of the running tunnel,

— from KP0167 + 19.0 to KP167 + 24.1 along the entire section of the tunnel.

There were less than 3% of the areas with weakened contact “lining — soil body” along track II in the space
between lining and rock of the right running tunnel in the section from KP0166 + 00.0 to KP0167 + 24.1.

Discussion and Conclusion. Field surveys have shown that defects in tunnel lining (cracks, concrete leaching and
waterproofing violations) have a direct impact on the level of environmental safety. These defects contribute to the
leakage of polluted waters and chemically active substances into the soil, which threatens biodiversity and the quality of
water used by the population. Thus, maintaining the integrity of the tunnel lining is a key element of ensuring
environmental safety in urban environments.

The obtained results of this study are planned to be used as a basis for the development of proposals to improve the
quality of monitoring and maintain the structural integrity of tunnel structures, which will minimize environmental risks
and increase the safety level of urban underground transport.
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