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Аннотация: Рассмотрен комплексный анализ гидрогеологических рисков, сопровожда-
ющих строительство и эксплуатацию тоннелей метрополитена. Авторы подчеркивают, 
что подземные воды являются ключевым фактором, определяющим безопасность, сто-
имость и долговечность подземных сооружений. Описаны основные опасности, связан-
ные с динамичным характером гидрогеологических условий: деформации конструкций, 
ускоренное старение обделки, прорывы воды и плывунов, а также последующие осадки 
земной поверхности, угрожающие наземной застройке. Представлена классификация 
гидрогеологических рисков, разделяющая их на природные (например, дефицит пита-
ния водоносных горизонтов, ухудшение качества воды) и техногенные (загрязнение, по-
следствия интенсивной эксплуатации водозаборов). В качестве основного инструмента 
управления рисками предложен количественный метод оценки на основе нормированных 
коэффициентов. Даны приемы расчета рисков при котлованном и подземном способах 
строительства, а также представлены количественные величины рисков для различных 
негативных процессов. Сделан вывод о необходимости системного подхода к управлению 
гидрогеологическими рисками, который должен интегрировать глубокое изучение среды, 
современные инженерные решения, постоянный мониторинг и строгое соблюдение тех-
нологических нормативов на всех этапах жизненного цикла объекта. Статья представляет 
собой методически обоснованное исследование, акцентирующее внимание на том, что 
эффективное управление гидрогеологическими рисками является неотъемлемым усло-
вием безаварийного строительства и устойчивой эксплуатации объектов метрополитена.
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Introduction
Subway construction is one of the most 

complex engineering processes, when the 
main danger often lies not in what is hap-
pening on the earth’s surface, but in what 
is hidden from view  — in groundwater. 
Hydrogeological risks are among the most 
significant types of risks in the develop-
ment of urban underground space [1] and 
determine the cost, timing and the very 
possibility of project implementation.

The dynamic nature of hydrogeologi-
cal conditions is a key factor provoking 
deformations in the structures of subway 
tunnels. Under the influence of these pro-
cesses, accelerated aging of tunnel lining 
and a gradual deterioration of their opera-
tional qualities occur. Such phenomena are 
most dangerous when constructing and us-
ing tunnels in water-saturated sandy-clay 
rocks.

A change in the structural connections 
in these soils can initiate the destruction 
of tunnel lining, which creates a threat of 
subsequent breakthroughs of groundwater 
and water-saturated loose soils into the 
tunnel cavity [2—4].

In this regard, ensuring the geo-eco-
logical safety of metro tunnels requires 
constant monitoring of the hydrostatic pre- 
ssure. This parameter directly affects the 
stress-strain state of the rock mass sur-
rounding the mine. Fluctuations in the 
pressure level in aquifers are the main 
cause of hydrogeomechanical emergen-
cies: violations of the tightness of water-
proof screens and lining lead to sudden 
breakouts of water and quicksand masses.

A concomitant consequence of these 
processes is the deformation of the soil 
strata [5, 6] lying above the tunnel, and 
the subsequent subsidence of the Earth’s 

Abstract: The article is devoted to a comprehensive analysis of the hydrogeological risks ac-
companying the construction and operation of subway tunnels. The authors emphasize that 
groundwater is a key factor determining the safety, cost, and durability of underground struc-
tures. The main hazards associated with the dynamic nature of hydrogeological conditions are 
described: structural deformations, accelerated aging of the lining, breakthroughs of water and 
quicksand, as well as subsequent precipitation of the Earth’s surface, threatening terrestrial 
buildings. The classification of hydrogeological risks is presented, dividing them into natu-
ral (for example, lack of nutrition of aquifers, deterioration of water quality) and man-made 
(pollution, consequences of intensive exploitation of water intakes). A quantitative assessment 
method based on normalized coefficients is proposed as the main risk management tool. The 
methods of calculating risks in the case of excavation and underground construction methods 
are given, as well as quantitative values of risks for various negative processes are presented. It 
is concluded that there is a need for a systematic approach to managing hydrogeological risks, 
which should integrate in-depth environmental studies, modern engineering solutions, constant 
monitoring and strict compliance with technological standards at all stages of the facility’s life 
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ment of hydrogeological risks is an essential condition for trouble-free construction and sus-
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surface. These phenomena pose serious 
risks to the integrity of buildings, struc-
tures, and utilities located above the sub-
way route. An important indicator of the 
occurrence of an emergency is a decrease 
in pore pressure in the rock mass, which 
naturally accompanies the loss of tightness 
of the lining.

The nature of the manifestation  
of hydrogeological risks
Potential problems related to the pres-

ence or change of the groundwater regime 
pose a hydrogeological risk. This risk is 
relevant for construction sites [7], engi-
neering facilities, and any human activity, 
as it can lead to negative consequences 
such as flooding, landslide development, 

subsidence, corrosion of underground 
structures, and other undesirable pheno- 
mena. Hydrogeological risk is one of the 
most significant geoecological risks at un-
derground metro facilities.

The hydrogeological risks associated 
with the operation of underground metro 
facilities [8—10] are primarily manifested 
through changes in the groundwater lev-
el. The rise of this level in shallow tun-
nels can cause waterlogging and flooding 
of the surface, as well as deterioration of 
soil quality and reduced stability of under-
ground structures. If the soils, surrounding 
tunnels, consist of loose materials such as 
sand or loess-like loam, or contain com-
ponents that are easily soluble in water, 
this can lead to a negative impact on tun-

Classification of hydrological risks
Классификация гидрологических рисков
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nel construction materials, their deforma-
tion and a decrease in structural strength. 
Flooding in an urban environment can be 
considered if an increase in the ground-
water level disrupts the normal use of the 
territory, construction and operation of 
buildings and structures located on it: for 
small settlements — by 1.5—2 m; for citi- 
es — by 3—4 m. In Russia, 900 cities and 
thousands of settlements are considered 
flooded.

A decrease in the groundwater level 
leads to the formation of a depression fun- 
nel and changes in the properties and com- 
position of rocks surrounding underground 
structures [11]. Water, moving to lower 
levels, promotes chemical processes such 
as dissolution, hydration, oxidation, hydro- 
lysis and leaching, as well as mechanical 
changes, including the leaching of indivi- 
dual fractions from the soil.

Hydrogeological risks manifest them-
selves in the form of defects in the bear-
ing structures of workings such as fistulas, 
leaks, outflows of water and soil into an 
underground facility, bursts of hearth and 
quicksand, etc. [12].

Types of hydrogeological risks are 
shown in Figure.

The negative consequences associated 
with hydrogeological risks also include 
flooding g caused by rising ground water 
levels [13]. This may affect basements, 
underground utilities, and complicate con- 
struction work. An increase in soil mois-
ture can trigger landslides and collapses, 
as well as lead to subsidence of the founda-
tions of buildings and structures. Ground- 
water also has an aggressive effect on 
building materials, causing corrosion and, 
as a result, shortening the service life of 
structures. All these factors can signifi-
cantly complicate construction work, in-
creasing the cost and time required to im- 
plement projects. These risks can be caused 
by natural causes, such as high groundwa-
ter levels or floods, as well as human ac-

tivities, including construction and terrain 
changes [14].

Classification  
of hydrogeological risks
Assessment and control of hydrogeolo- 

gical risks require special studies aimed at 
studying the condition of soil and ground-
water. In particular, the composition and 
properties of soils, the depth of occurrence 
and the chemical composition of ground-
water are analyzed [15]. The collected data 
makes it possible to predict potential risks 
and ensure the safety and stability of fa-
cilities interacting with groundwater. The 
key natural risks in calculating groundwa-
ter reserves are:

1. There is a shortage of their nutrition 
in low-water years, which is critical for in-
filtration intakes in river valleys. Although 
underground horizons, due to the capacity 
of alluvial deposits, act as a natural regu-
lator (unlike surface sources), risk assess-
ment requires taking into account specific 
parameters. The following are subject to 
analysis: the duration of the low-water pe-
riod (for example, a year of 95% availabil-
ity), the corresponding minimum volume 
of infiltration from the river, and the filtra-
tion characteristics of aquifers.

2. The operation of water intakes car-
ries the risk of extracting groundwater that 
does not meet the required quality stand-
ards. The deterioration of the hydrochemi-
cal parameters of the resource entails sig-
nificant economic costs. A decrease in wa-
ter quality directly leads to an increase in 
the cost of its water treatment. In the most 
unfavorable scenarios associated with the 
presence of toxic components (such as ar-
senic or strontium), it may be necessary 
to introduce expensive technologies [16], 
such as membrane purification, or even 
complete conservation of water intake.

3. The quality of the hydrogeological 
justification directly depends on the comp- 
leteness of the initial information [17]. Its 
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disadvantage creates risks associated with 
the construction of inadequate models and 
the adoption of erroneous design deci-
sions. The management of this risk con-
sists in consistently reducing uncertainty 
through the use of modern methods of data 
collection and computer modeling.

4) The risk associated with limited geo- 
logical and hydrogeological information 
can be considered as an important aspect 
of the hydrogeological justification of wa- 
ter intakes [18]. This risk includes two 
dominant uncertainties:

•	 heterogeneity of the natural envi-
ronment. The natural environment where 
water intake is carried out is highly vari-
able. While information about geological 
and hydrogeological parameters is often 
obtained from point measurements, the 
models used for their analysis are usually 
based on assumptions about uniformity or 
regular changes in these properties. This 
can create discrepancies between the ac-
tual environmental conditions and model 
descriptions, which in turn can negatively 
affect the accuracy of forecasts and esti-
mates;

•	 the limited availability of hydrogeo-
logical models is a significant problem in 
understanding and predicting processes 
occurring in groundwater. Models may not 
take into account such important aspects 
as: multiphase interactions; spatial and 
temporal scales; local geological features; 
and uncertainties in the data.

Technogenic risks affecting the assess-
ment of groundwater reserves include:

1) Contamination of surface water sour- 
ces feeding infiltration intakes. For a re-
liable assessment of reserves, it is neces-
sary to work out in detail the list of threats 
(industrial accidents, chemical leaks) and 
simulate the conditions for their implemen- 
tation, thereby determining the vulnerabi- 
lity of groundwater to such impacts.

2) Accidental spills (for example, bri- 
nes and oil from pipelines) and leaks from 

wastewater storage pose a significant threat 
to groundwater [19]. To protect ground-
water resources, it is critically important 
to develop detailed migration models that 
focus on modeling the vertical movement 
of pollutants through soils and soils.

3) In regions with intensive industrial 
development and high population density, 
the problem of man-made risks associated 
with the exploitation of groundwater re-
sources is of particular relevance. The key 
hazard factor is the process of extracting 
water through intake systems [20], which 
is complicated by the effects of hydrody-
namic interaction between different intake 
points. Solving this problem requires a 
fundamental revision of existing regulato-
ry approaches to the assessment and clas-
sification of groundwater reserves, which 
will increase the efficiency of their use and 
reduce economic costs.

4) Environmental risks associated with 
groundwater exploitation include possible 
negative impacts on the natural environ-
ment, especially vegetation and surface 
runoff.

5) Coastal water intakes are characte- 
rized by a specific risk associated with the 
transformation of the filtration properties 
of the coastal zone due to the colmatation 
of bottom sediments. Since these pro-
cesses are practically impossible to assess 
directly at the exploration stage, compara-
tive analysis with existing water intakes 
becomes a key method of risk analysis. 
This approach involves extrapolating the 
established patterns of interaction between 
surface and groundwater to the forecast 
models being created [21, 22]. The most 
significant parameters for comparison are 
the magnitude of the operational load, the 
morphometric characteristics of the river- 
bed and the speed of the current in the 
mezen. Therefore, a reliable justification 
of the models requires a thorough study of 
the hydrogeological conditions at existing 
facilities.
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Materials and methods of research
Risk management during the construc-

tion and operation of subway tunnels re-
quires solving one of the most difficult 
tasks — compensating for the lack of reli-
able data on the hydrogeochemical envi-
ronment. 

The sources of threats in this area are 
diverse:

•	 incomplete hydrogeochemical mo- 
del: lack of detailed information about the 
factors controlling the chemical composi-
tion and migration of groundwater;

•	 unreliability of forecast models: the 
use of geomigration forecasts that do not 
take into account the full range of chemi-
cal and filtration processes, which reduces 
the accuracy of assessing the impact of 
water on structures.

The generalized hydrogeological risk 
Ro can be determined from the formula:

R Pko i i
i

j

�� ,	 (1)

где Pi  — вероятность проявления i-го 
процесса; kj — коэффициент значимо-
сти i-го процесса в границах природно-
технической геосистемы.

The classification of potential threats 
to subway tunnels at all stages of the life 
cycle — from construction to operation — 
is based on expert analysis methods [23]. 
The criterion for risk systematization is 
the specificity of technological features 
and the sequence of operations performed, 
characteristic of each stage, which makes 
it possible to identify and structure the 
most likely sources of danger.

Quantitative values of hydrogeological risks
Количественные величины гидрогеологических рисков 

No Negative environmental 
processes

The degree of  
manifestation of the 

negative process

Code Coefficient of signifi-
cance of the negative 

process indicator
The excavation method for the construction of subway tunnels

1 Flooding and waterlogging  
of the territory

Small 1
0,05

Big 2

2 Groundwater pollution
Small 1

0,10
Big 2

3 Changing the hydrological 
regime

Small 1
010

Big 2

4 Formation of depression  
funnels

Small 1
0,15

Big 2
Underground method of building a subway tunnel

1 Changes in the hydrostatic 
regime of groundwater

Small 1
0,18

Big 2

2 Fluctuation of the groundwater 
level and their depletion

Small 1
0,10

Big 2

3 Formation of quicksand  
and pseudo-quicksand

Small 1
0,07

Big 2

4 Karst-suffusion  
manifestations

Small 1
0,12

Big 2

5 Infiltration of groundwater  
into tunnels

Small 1
0,13

Big 2



11

Complex environmental damage mani-
fests itself as a system of interrelated nega-
tive changes. These include: depletion and 
chemical degradation of groundwater re-
sources, geomechanical deformations of 
the Earth’s surface and deep geological 
layers, as well as the transformation of 
the composition and filtration-capacitance 
properties of rocks. The combined effect 
of these factors leads to disruption of the 
natural hydrological balance of the terri-
tory [24].

An integrated approach based on the 
analysis of statistical information and ex- 
pert opinions was applied to quantify hyd- 
rogeological risks during the construction 
of the subway (Table).

The hydrological risk during tunnel con- 
struction is calculated using the formula:

Rg = Ro + Ru, 	  (2)

where Ro  — risks in the construction of 
tunnels by excavation; Ru  — risks when 
working underground.

The assessment of hydrogeological  
risks is based on the methodology of nor-
malized coefficients, where the worst pos-
sible scenario is taken as the base value 
(unit). A quantitative measure of risk is defi- 
ned as a fraction of this reference value [25].

The hydrogeological risk during tunnel 
excavation is calculated using the formula:
Ru = (δf qf + δp qp + δc qc + δd qd )p, 	 (3)

where δf — coefficient of importance of 
flooding and waterlogging of the territory; 
qf — the value of the flooding and water-
logging code of the territory; δp — coef-
ficient of importance of groundwater pol-
lution; qp — the value of the groundwater 
pollution code; δc  — coefficient of sig-
nificance of changes in the hydrological 
regime; qc — the value of the hydrologi-
cal regime change code; δd — coefficient 
of significance of the depression funnel 
formation; qd — the value of the code of 
flooding and waterlogging of the territory 

the value of the code of the indicator of 
the formation of a depression funnel; p — 
the normalizing multiplier.

The risk of contamination and depletion 
of groundwater during underground tunnel 
construction is calculated using the formula:

Ro = (δgr qgr + δh qh + δps qps + 
+ δk qk + δi qi )w, 	 (4)

where δgr — coefficient of significance of 
changes in the hydrostatic regime of ground- 
water; qgr  — the value of the code for 
changing the hydrostatic regime of ground-
water; δh — coefficient of significance of 
fluctuations in the groundwater level and 
their depletion; qh  — the value of the 
groundwater level fluctuation and deple-
tion code; δps — the coefficient of signifi-
cance of the formation of quicksand and 
pseudo-quicksand; qps — the value of the 
quicksand and pseudo-quicksand forma-
tion code; δk — coefficient of significance 
of karst-suffusion manifestations; qk  — 
the value of the karst-suffusion code; δi — 
coefficient of importance of groundwater 
infiltration into tunnels; qi — the value of 
the groundwater infiltration code in tun-
nels; w is the normalizing multiplier.

Thus, the construction and operation 
of subway facilities is a constant struggle 
against an invisible enemy — groundwa-
ter. The success of this struggle depends 
on a three-pronged approach: a deep under- 
standing of hydrogeology, the use of ade- 
quate expensive technologies, and the high-
est production culture. Neglecting any of 
these elements can lead not only to enor-
mous financial losses, but also to the death 
of people. Therefore, the assessment of 
hydrogeological risks and consideration of 
its results at all stages of the metro tun-
nel life cycle is a necessary factor in the 
trouble-free operation of metro facilities.

Conclusions
1. The factors leading to hydrogeologi-

cal risk are considered and the consequen- 
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ces of the manifestation of hydrogeologi-
cal risks in the conditions of construction 
and operation of metro facilities are de-
scribed.

2. A  general classification of hydro-
geological risks is given, which makes it 
possible to identify which of the existing 
manifestations prevail in the conditions of 
construction and operation of metro facili-
ties.

3. An assessment of hydrogeological 
risks is proposed depending on the type 
of technology used for tunneling under-
ground tunnels.

The analysis clearly demonstrates that 
the construction and operation of the sub-
way are taking place in conditions of con-
tinuous interaction with a dynamic hydro-
geological environment. Groundwater is 
not a passive background, but an active 
participant in the process, forming a com-
plex of serious risks — from progressive 
degradation of structures to large-scale ac-
cidents. Successful management of these 
risks is possible only with a systematic 

approach that integrates advanced engi-
neering solutions, continuous monitoring 
and strict compliance with technological 
standards.

Resume
Hydrogeological conditions are a deter-

mining factor in the design, construction 
and long-term operation of underground 
metro facilities. Neglecting them or under-
estimating them leads to the activation of 
deformation processes, subsidence of the 
surface, breakthroughs of quicksand and 
other emergency situations that pose a di-
rect threat to infrastructure and human life.

Effective safety management requires 
the introduction of quantitative assessment 
methods, such as the method of normal-
ized coefficients based on statistical data 
and expert opinions. This makes it possi-
ble to move from reactive elimination of 
the consequences of accidents to proactive 
forecasting and prevention of dangerous 
situations at all stages of the facility’s life 
cycle.
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