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Abstract. The underground space development is associated with the emergence of complex and dangerous situations,
often leading to accidents. The condition for their development is the potential geotechnical risks. High-quality execu-
tion and analysis of design work at all the stages of design, starting from the early stages, is one of the effective ways
to control risks. Clarification of the characteristics and features of the rock mass adjacent to the projected underground
structure makes it possible to identify the potential cause of the occurrence of an adverse event with a certain probability
during the construction and operation of an underground structure. The purpose of a qualitative risk analysis is to
identify risk factors in underground construction. The value of the total geotechnical risk, expressed by the sum of each
of the possible risks, should be numerically estimated at the design stage of a specific underground facility. At the same
time, it is extremely important to develop a methodology for managing geotechnical risks, which would make it possi-
ble to assess their probability of development at an early stage of project preparation and propose measures to reduce
or prevent them. This technique is given in the article. The results of the study conducted in accordance with the pre-
sented methodology showed that geotechnical risk control proved an effective method in preventing accidents during
underground construction.
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Introduction. The safety of underground facilities during construction and operation depends
on the risk assessment of a potential emergency [1-3], as well as on the possibility of preventing the
cause of its occurrence [4]. Emergencies are caused by specific engineering-geological, hydrogeo-
logical and urban planning conditions for the placement of underground facilities: the presence of a
thick layer of man-made and karst soils; dense urban development and cramped conditions; high
groundwater activity; suffusion manifestations; technogenic impacts on the geological component of
the city, complicating the conditions of construction and operation of underground structures; in-
volvement in the construction process of a large number of non-core specialists and organizations.
These risk factors determine the need for their identification and accounting during the entire life
cycle of an underground structure, which is designed to optimize the choice of the location of the
object and the appropriate protective measures.

The studies of many Russian scientists address the issues of the development of aerological [5, 6],
geoecological and geotechnical risks [7, 8], their quantitative assessment [9, 10], risk management
[11, 12], however, do not take into account the specifics of risks dynamics in the conditions of
the underground space development of the city. Basically, the issues of mining are considered where
the risk is caused by the processes of mining. A number of works [13-15] are directly related to risks
in underground construction. Foreign authors either focus on purely geotechnical risks [16, 17]
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or consider risk minimization methods also applied to mining [18, 19]. The weak point of all these
studies is the lack of a unified regulatory and methodological approach to risk assessment and control.

An analysis of the domestic and international regulatory framework on risks, based on more than
30 national and international standards, industry rules, norms, recommendations and guidelines,
allows drawing the following conclusions.

* The increasing complexity of risks manifestation in the world practice of tunnelling requires
the creation of codes, standards, instructions and manuals that serve as a kind of “best practice” of
how risk control should be built. However, these normative and methodological materials are scat-
tered, there are no connections, sources of the used information, and the scope and technical require-
ments between them. The variety of approaches to formalization, description, definition and risk as-
sessment create conditions for the development of the important categories for this research area,
such as classifications, terms and definitions used in practice.

* Regulatory and legal approaches to risk control in Russia are determined by two aspects:
operating with reference literature, containing terminology, information on risk identification, the
procedure for their analysis and control on the one hand, and following state legal documents in
the form of federal laws, departmental and other rules, requirements, orders, as well as translated
international risk management standards and Bank of Russia documents, on the other hand.

* All the regulatory documents on risk control, available in the world practice, are focused mainly
on compliance with commercial or financial interests, while the technological, organizational and
managerial side is practically not affected.

* There is no concept of “geotechnical risk” in the regulatory and technical documentation of the
Russian Federation on the construction of technically complex and hazardous production facilities.

* Due to the variability of the conditions for conducting underground construction work [20], the
risk control should provide for the formation of an organizational infrastructure fixed in the standard,
the functions of which would include an analysis of the internal and external situation for risk assessment.

* A new approach to the industry component of risk control is needed, taking into account the
trends of financial policy and regulation of individual elements of organizations activities when im-
plementing measures to prevent or minimize risk in underground construction. At the same time, risk
control should take into account all the best that has been created in world practice, but be based on
the management culture that has developed in our country. Strict requirements should be imposed on
management personnel, who should equally have the high art of developing the best risk control
strategy in a particular case and possess special knowledge in the field of tunnel construction.

When constructing underground structures, one of the main types of risks is construction risk
[10, 21]. During construction, an emergency arises due to two independent negative events: an exter-
nal non-project impact [22] and an event related to errors in projects [23]. Errors at the design stage
and during construction determine the dynamics of risk development at subsequent stages. The leading
role in determining the nature of the manifestation of one of the types of construction risks — geotech-
nical — belongs to a competent assessment of the engineering and geological conditions of mining
operations [24].

Geotechnical risks have a huge impact on the occurrence of adverse factors due to the inherent
heterogeneity of the rock mass [25], which contributes to significant variability of geotechnical pa-
rameters. This entails economic damage, reduces the safety, and quality of construction work [13].
Since underground mining is characterized by the joint work of mining equipment and people, the
combination of the limited working space with the uncertainty of geotechnical data leads to an inevita-
ble increase in the risk of accidents. For example, at metro facilities, 10 % of accidents are associated
with survey deficiencies; 6 % — with violations of technological regimes, rules and regulations; 8 % —
improper and untimely preventive inspections; 14 % — with design flaws or incorrectly selected
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materials; about 30 % — with deviations from the passport of work [14]. The remaining causes of
accidents are due to the underestimation of the nature of the interaction of the underground structure
and the environment.

A formal risk assessment is its definition as the product of the probability of the considered
danger and the consequences caused by adverse events. This assessment implies [26] determining the
amount of data for risk assessment and identifying the hazards in this volume. To determine the
probability of the development of this event and its consequences, it is necessary to conduct a
comparative qualitative and quantitative assessment [11]: as a result, we obtain risk-forming factors
[27] and their total number. Thus, it becomes possible to assess the actual probability and
consequences of the danger [16]. The development of a risk management methodology allows
controlling them during construction [28].

Methodology. There are many methods for assessing geotechnical risk: Monte Carlo, Delphi,
the analysis of failure tree, events, malfunctions, inspection reports, reliability block diagram, quali-
metric assessment, analogy method, etc. The choice of the method depends on how fully it takes into
account the objectives and evaluation criteria, the possibility of obtaining information, the level of
acceptable risk, the type of system being analyzed, the nature of emerging hazards, the availability of
material, financial and labor resources to perform the work, etc. The chosen method should be scien-
tifically justified, reliable and effective in terms of assigning measures to minimize risk. To choose a
risk management method, a plan is drawn up.

* Selection of the main controlled parameters of underground works:

— design — caused by the imperfection of the project materials, incorrect interpretation of the
initial data, overestimated estimated cost, misunderstanding by the customer and contractors of the
goals and objectives of the project, etc.;

— engineering-geological — caused by the manifestation of geological risks, including those de-
veloping under the influence of man-made factors;

— constructive — caused by design flaws and the choice of materials with the characteristics un-
suitable for these conditions;

— geoecological — heat and mass transfer, aggressive environment and others, 1.e. factors influencing
the choice of technology for the construction of an underground facility and environmental safety;
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Fig.1. Measures to monitor the condition of the object under construction
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— technological — factors affecting the quality of
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Numerical modeling of the interaction of an underground lr'lg bulldmgs and communications in the construc-
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derground space development. For underground
tunnel-type structures, in accordance with the expected emergency, the length of each section of
the route is varied, according to which the specific risk indicators are estimated. Thus, at each
site it is possible to clarify information about the technical condition of the underground structure
and predict the local frequency of potential accidents.

The technical condition of the underground structure for the n-th section can be determined based
on scoring estimates according to the following dependence [29]:

1 J(i
F,= zi:1z_/i1)piqui/;

Determination of social consequences in the event
of an emergency

Fig.2. Quantitative risk assessment

R
B = NZn:]EI >

where p; — the share of the i-th group of factors; g; — the share of the j-th factor in the i-th group;
Bjj— evaluation of the F; factor, formalized in scores; B" — the average score of the underground structure
along the entire length, obtained on the basis of the score of each section.

The local frequency of the accident can be determined as [29]:

A, =X£1,
B

where A — the average frequency of accidents at this underground facility, the number of
accidents /(km-year).

We can define the value of the coefficient of influence as the ratio of the local frequency
of accidents on the site to its average value

A
Kinf zTn-
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Fig.3. Measures for the systematization and analysis of materials of construction area

If, as a result of calculations, it’s not possible to obtain a representative amount of statistical data,
then the risk is evaluated using expert assessments of non-numerical etiology with the assignment of
a risk level (high, low, etc.). Processing the results implies an analysis of the probability of potential
inaccuracies in engineering and geological surveys that complicate the choice of technologies, and
the reliability of the results of geotechnical and geomechanical surveys of buildings and structures on
the surface. Complexity of geotechnical conditions in the construction area [30] determines the
development of adverse risk events, which should be taken into account in the proposed methodology.
Carrying out measures to systematize materials characterizing the construction area [31], including
their analysis, is an important stage in the geotechnical risk management system, since with their help
it is possible to identify the causes of the development of an adverse event during the construction of
an underground facility, and subsequently proceed to a quantitative risk assessment [32] (Fig.3).

Experts play a key role in identifying and systematizing the causes of geotechnical risks during
the construction of underground structures, as well as in quantifying risks when determining the
biggest possible damage from the occurrence of a risky event. The magnitude of the expected damage
from construction work can be established by identifying geotechnical risks that are included
in the registration statement, which provides a basis for their quantitative assessment. The task facing
the experts is divided into several stages: determining possible adverse events, ranking them, identi-
fying the magnitude of potential damage at the appropriate stage of construction work, assigning
technological, constructive and organizational measures aimed at minimizing risks.

One of the stages of quantitative assessment consists of determining the combination of the
probability of occurrence of a risk event and the expected damage. An important stage for experts
is to determine the construction time or the cost of work compared with the same indicators laid
down in the project in percentage terms. Numerical values of the degree of risk are distinguished: a
very high level of risk (5 points) is characterized by a frequency of 0.6-1 and a probability of
occurrence of an event of 70; a high level (4 points) — 1-10~! with a probability of 50-70; average
(3 points) — 1071-1072 and 30-50; for low (2 points) — 102-10~ and 10-30; for very low (1 point) —
less than 103 with a probability of less than 10. Data on the expected damage in quantitative
terms: 10 % — 5 points; 8-10 % — 4 points; 4-8 % — 3 points; 1-4 % — 2 points; 1 % — 1 point.

With the help of system analysis [27], an expert assessment is processed according to proba-
bilistic and statistical methods, after which a numerical value of the degree of risk is established.
In order to assess the level of an adverse event and the degree of the need to make decisions to prevent
it, a scale of the numerical value of the risk is built based on the analysis of the magnitude of
the expected damage (see the Table).

Quantitative risk assessment and identification of measures to minimize emergencies

Level of risk Measures to reduce the probability of an adverse event
Very low 1-5 Missing
Low 6-10 Minor structural and strengthening transformations
Average 11-15 Making constructive or other changes to the project without additional financial investments
High 16-20 Termination of construction work until the stabilization of undesirable changes and reduction of the degree
of risk, additional financial investments are required
Very high 21-25 Project implementation ban
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After the first stage of determining the quantitative assessment of risks, experts begin tore-evaluate
the degree of manifestation of adverse events and enter new results into the registration statement,
taking into account the measures already taken.

* Drawing up a risk management algorithm for the construction of underground facilities (Fig.4).

Results. According to the methodology described above, a study was conducted during the de-
sign and construction of the Sheremetyevo Airport terminal-to-terminal crossing. The object of the
study is a group of structures consisting of the northern and southern station complexes and a tunnel
section between them passing under the runway of the current Sheremetyevo airport. The transport
section of the facility under the runways includes: single-track tunnels of an automated passenger and
baggage transportation system; three technological cross passages; a drainage installation chamber.
The construction of one of the tunnels is combined with the dismantling and construction of the struc-
tures of the projected terminal B, the second one — with the unification of terminals D and E and an
aboveground pedestrian gallery between them. Two main line single-track tunnels are constructed in
a closed manner using tunnelling mechanized complexes from the northern station complex to the
southern one. To organize the passage of subway tunnels, an assembly-shield chamber is provided in
the pit from the northern station complex side, and a dismantling-shield chamber from the southern
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| of underground structures
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and its parameters \
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Fig.4. General risk control algorithm in underground construction
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one. At the inset and exit of the shields, the soil is strengthened by the method of jet cementation. To
ensure the stability of the pits [23], the station complexes are constructed by “wall in the ground”
method [31]. Due to the large width and length of the pit, their fastening is carried out by anchors and
belts made of I-beams. The tunnels are mainly based on medium-sized sands and semi-solid loam.
Within the construction site, four aquifers are found to the investigated depth of up to 80 m. During
the construction of the tunnel section of the closed method of work, precast reinforced concrete lining
was used. To ensure its full contact with the surrounding soil, the device of a jacket made of grouting
solution is provided when installing blocks. Technological cross passages are provided for commu-
nication between the transport and baggage tunnels. The construction of structures is carried out ina
closed way in the opening of the rings of subway tunnels with shielding by pipes. The lining of the
cross passages has a rectangular outline. The structure is designed in monolithic reinforced concrete
with internal metal insulation, which is protected from corrosion by a layer of shotcrete solution ap-
plied on the grid. The structure of the enclosure of the excavation of the northern station complex is
adopted from a monolithic “wall in the ground”. The fastening of the fence is carried out using an
anchor-bracing system. To transfer the load [33] to the anchors and struts, a longitudinal belt is ar-
ranged from two [-beams, as well as buntons and struts. For the lining of structures erected in an open
way, waterproofing of PVC membrane is provided. Waterproofing on the coating is protected by a
layer of fine-grained concrete reinforced with two reinforcing grids.

All the listed data were thoroughly examined, and a study was conducted on their basis. According
to the results of the study, the risks attributed to the high ones were described (Fig.5, a).

In addition to high risks, the probability of occurrence of medium and 18 low risks was revealed.
The risks classified as average and their level: underestimation of filtration and consolidation properties
of the soil mass — 12.57; opening of unaccounted engineering water-carrying communications during
the development of the pit — 13.86; underestimation of technological subsidences from trench develop-
ment during the construction of a “wall in the ground” — 14.14; unclosed construction seams filtering
water — 14.14; the flow of water into the pit through the soil inclusions in the “walls in the
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Fig.5. The level of risk of an adverse event and expected damage, depending
on the cause of their occurrence (a), and emergency after preventive measures (b)

<

I —errors in calculations of load-bearing and enclosing structures; II — incorrect design of joints of struts and strapping belts;
III — errors in the design of ground anchors; IV — the imposition of trough deformations of the surface due to nearby
tunnels; V — runway base suffusion with the formation of voids under it; VI — entry of tonnel boring machine
into the lens of water-saturated sand

1 — insufficient load-bearing capacity of load-bearing and enclosing structures, which will lead to their unacceptable deformations,
as well as to deformations of surrounding buildings; 2 — additional subsidence of the surface, which will lead to a violation
of the operability and operational reliability of airfield coverings and infrastructure; 3 — additional subsidence of the airfield surface
due to the uncertainty of geological conditions along the tunnel route (lenses of water-saturated sandy soil, boulders,
unaccounted communications), which will lead to deformation of the hull and shell of the shield, jamming of the rotor or to failures
on the surface; 4 — carrying out verification calculations by an independent organization in a certified geotechnical software package;
5 — carrying out geotechnical expertise of project documentation and geotechnical monitoring; 6 — carrying out verification
calculations by an independent organization in a certified geotechnical software package, monitoring anchors, preliminary testing
of'anchors; 7 — compensation of deformations due to strengthening of the soil mass; 8 — geophysical studies of the foundation
of runway, filling voids before sinking under the runway, geotechnical monitoring; 9 — exploratory drilling and geophysical
surveys before sinking dangerous areas
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ground” formed during the production of concreting works — 11.71; poor quality of work in the in-
stallation of attachment points for buntons — 11.71; the inconsistency with the design of the geometric
parameters of the “wall in the ground” structure, the binding belts, the distribution system — 12.57;
flooding of the rock mass during the breakthrough of water-carrying communications — 13.86; fuel
leakage in the tunnel during the breakthrough of fuel pipelines — 12.14; poor-quality waterproofing
device of structures nearby tunnels — 13.57; fallout on the portal sections of the tunnel — 12.14; poor—
quality installation of blocks — 11.71; injection of insufficient volume of grouting solution into the
tunnel sealing space — 14.43; untimely fixing tamponage — 12.29.

To prevent high-level risks, the recommendations aimed at minimizing them are proposed: car-
rying out verification calculations by an independent organization in a certified geotechnical software
package; geophysical studies of the runway base; filling voids [24] before sinking under the runway;
exploration drilling and geophysical studies before sinking dangerous areas. To minimize the risks of
medium and low levels, measures are needed that do not require additional costs, after which the risk
assessment is carried out again (Fig.5, b).

When carrying out construction work, the priority is to preserve the health and life of workers,
therefore planning construction work with a high or medium level of risk is unacceptable. Based on
the results of the risk analysis, it is possible to react faster to the probability of an emergency. When
the level of potential risk tends to medium or high values, it is necessary to take timely measures to
reduce it, prevent accidents, personnel injuries, equipment losses, etc. In accordance with the pro-
posed methodology, after the measures carried out, the level of occupational injuries can be reduced
by 63.15 %. From Fig.5, b it follows that when additional measures are taken to prevent risks, their
level is significantly reduced and ranges from small to very small.

Discussion. The complexity of the underground space development in modern conditions and
the instability of engineering-geological and technological conditions entail the development of emer-
gency situations. It is necessary to choose such a risk assessment methodology, where each risk will
be considered individually in a comprehensive risk assessment system specific to a particular con-
struction object, which will allow taking into account their specific features and developing effective
ways of control and management. The proposed methodology is effective in assessing geotechnical
risks and predicting adverse situations that reduce the safety of construction work and increase their
cost indicators, since it includes a whole complex of flexible management characterized by interactive
connection of the technological process and its control aimed at reducing the probability of risk. An
algorithm for risk management in underground construction has been developed.

The methodology based on a risk-oriented approach allows identifying a weak link in the selec-
tion of technology and organization of construction; choose a tool for monitoring the vulnerability of
elements of the natural and technical geosystem underground structure — rock mass — technology —
environment and measures to eliminate the emerging instability. The main advantages of the proposed
approach are:

* minimization and timely elimination of errors in the design of an underground facility;

« early identification of geotechnical risks and risk-forming factors;

* improving the efficiency of underground construction;

* the possibility of modeling the dynamics of risk development at a specific underground facility
based on archival, operational, and forecast data;

* determination of optimal measures to minimize geotechnical risks based on the most complete
information about the object;

* the possibility of flexible response to vulnerability indicators of the elements of the natural and
technical geosystem;

* in-depth analytics on all elements of the formed natural and technical geosystem at all stages
of its life cycle, including analysis of the causes and relationships between risks. Such analytics
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becomes a tool for building complex risk models and templates for more accurate forecasts of the
development of the emergencies.

The disadvantages of the approach are the difficulties of forming a group of highly qualified
experts. Prospects for the development of such risk management methods in the implementation of
technological processes in underground construction — the creation of a Big Data bank and the intro-
duction of the building information modeling BIM-technologies. This will make possible to achieve
proactive management of geotechnical risks before their full development by identifying signs of the
onset of a negative event at an early stage of its development and reducing the response time to the
factors of the manifestation of an emergency.

Conclusion. The specifics of geotechnical risk control in underground construction are: the need
for a thorough analysis of the variability of the engineering and geological condition of the rock mass
containing the underground structure, which may lead to an erroneous design or technical solution
for the construction of this facility; clarification of geotechnical data at all stages of project prepara-
tion and in the process of its implementation. The study conducted in accordance with the proposed
methodology showed that with timely response to the occurrence of abnormal and emergency
during the development of underground space, high-quality construction and installation work
and additional measures, the risk level can be significantly minimized. This can be achieved
with an integrated approach to geotechnical risk management at all stages of the life cycle of an
underground structure.

A general algorithm for risk management in underground construction has been synthesized,
which provides for the selection of the main controlled parameters of underground work, systemati-
zation and analysis of materials in the construction area, justification of measures for a comprehensive
system of monitoring the condition of an underground facility under construction and nearby ground
structures.

A well-chosen methodology for assessing geotechnical risks determines the effectiveness of their
management and the correctness of measures for the safe implementation of construction works. The
methodology presented in the article, based on the example of risk assessment during the construction
of the Sheremetyevo airport terminal crossing, allowed raising the question of creating flexible risk
management systems in underground construction based on expert assessment, timely and effective
monitoring methods and varying the pass coefficient and impact coefficient.

It has been established that, in relation to the interterminal crossing of Sheremetyevo Airport,
significant potential risks are due to insufficient load-bearing capacity of structures, leading to unac-
ceptable deformations of these structures and surrounding buildings with additional subsidence of the
earth’s surface in the area of construction and the airfield itself, entailing a violation of the operability
and operational reliability of airfield coverings and infrastructure due to the uncertainty of geological
conditions along the tunnel route (lenses of water-saturated sandy soil, boulders, unaccounted com-
munications), which, in turn, will provoke deformations of shield hull and shell, jamming of the rotor
or will lead to failures on the surface. Therefore, the in-depth analysis of all risk development factors
at the design stage becomes a tool for building complex risk models and templates for more accurate
forecasts of the growth of emergency. This makes it possible to design urban underground facilities
in a new way in the conditions of hidden construction conditions, unreliability or insufficiency of the
survey and analytical database.
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