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Abstract: 

The object of research. Long-term operation of sewer tunnels in difficult engineering and 
geological conditions creates the danger of violating their structural safety. A long-term study of the 
changes’ dynamics in the technical state of the tunnels made it possible to establish the patterns of 
intense anthropogenic and dynamic influences on this process. Method. The developed discrete and 
continuous diagnostic models of the defects’ development in the tunnels’ structures make it possible to 
identify potentially hazardous areas subject to the manifestation of critical failures and methods of their 
localization. On the basis of numerical modeling, the boundaries of defect-free joint operation of the 
system “source of impact – geo-mass - sewer tunnel” have been determined. Results. With increasing 
external anthropogenic and dynamic impacts, modeling zones of urban areas with potentially dangerous 
sections of underground sewage facilities is the basis for the development of regulatory documents on 
monitoring methods and safe development geotechnical infrastructure. 

1 Introduction 

With the development of large cities, long-term operated tunnel sewage collectors need special 
protection from man-induced impacts. As objects related to the structures with a higher level of 
responsibility, sewer tunnels must meet the requirements for safe operation, excluding the risk of 
dangerous accidents [1]- [4]. Analysis of the materials on the current technical condition of sewer tunnels 
in more than ten largest cities in Russia with a developed historical center, with a total length of more 
than 2.5 thousand km, made it possible to develop a methodology for assessing their technical condition, 
give a classification and a catalog of defects. 

For almost most of the cities under consideration, the network of tunnel collectors has an average 
value of the physical deterioration degree more than 60% with a development dynamic of 0.6-1.2% per 
year. It was found that for the cities where the operation of the engineering infrastructure is carried out in 
complex engineering and geological conditions typical, for example, for St. Petersburg, the degree of the 
tunnels wear is significantly greater, reaching 83% with a higher development dynamic of up to 1.6-2.1 
% per year. Development of a methodology for identifying the potentially dangerous sections of tunnels 
operated for a long time in difficult soil conditions, with their subsequent modeling and monitoring, will 
ensure their structural safety with increasing man-induced dynamic impacts. 

The most interesting from the point of view of studying potentially dangerous sections of sewer 
tunnels is the system and network of tunnel collectors of St. Petersburg, which, with an undeveloped 
redundancy scheme, has a length of about 275 km. The system of sewer tunnels consists of pipelines 
with a diameter of 1.2 to 5.6 m and a depth of 8 to 70 m. Most (up to 75%) of the waste line length is 
located in the central historical part of the city in extremely difficult technogenic and engineering-
geological conditions. The main part of the territory is covered by a stratum of Quaternary deposits (Q) 
that are unstable to technogenic impacts. Among the latter, it should be especially noted water-saturated 
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clay soils belonging to lake-sea, lake-glacial and moraine deposits. Up to a depth of 30-120 m, soil strata 
are represented by silty sands of medium density, water-saturated Е=7-11 МРа, С=0-0.005 МРа, j=27-
30°; silty plastic sandy loam Е=3-5 МРа, С=0.01-0.02 МРа, j=12-17°; silty layered fluid plastic loams 
Е=5-8 МРа, С=0.015-0.025 МРа, j=10-16°. Long-term waste line operation in these conditions 
negatively affects their technical condition. 

This factor is especially true for the continuously operating tunnel sewer collectors under the 
conditions of increasing man-induced impacts, first of all, to static from the large-sized complexes under 
construction in the influence zone with a developed underground part (see Fig. 1) and vibro-dynamic 
from the construction and transport equipment [5]– [9]. 

The research is devoted to the development and justification by geotechnical modeling of ways to 
ensure the safety of tunnel structures and the development of recommendations for use in large cities 
with difficult soil conditions, with heavily worn and potentially dangerous sections of tunnels. And, as a 
result, to increase their reliability during long-term operation in the conditions of urban infrastructure 
development. 

2 Materials and Methods 

To identify the potentially dangerous areas, instrumental surveys of tunnels are carried out using a 
special technique [10]. Technical instrumental surveys included: full-scale tachymetric survey of the 
spatial position of the tunnel in the intervals between mines, scanning the inner surface conditions of the 
tunnel with an assessment of its continuity with a GPR; taking cores and carrying out tests using the pull-
off method with scanning to determine the strength characteristics of concrete, taking samples for 
chemical and biochemical analyzes, assessing the degree of corrosion and reinforcement by non-
destructive methods, vibro-dynamic testing of vibrations of internal tunnel structures from external and 
construction vibration effects [11], [12]. 

 

Fig. 1 - Scheme of a potentially dangerous section of a sewer tunnel in the zone with man-induced 
impacts from a complex under construction in St. Petersburg 

The uniqueness of the observation materials for the tunnels’ state lies in the fact that the technical 
inspection of the structures has been carried out for a long time from the end of the 70s up to the present 
(2021). During this period, the same reservoir intervals have been surveyed for several times. At the 
same time, as a rule, after the examination, their conditions were monitored for several years. Thus, it 
became possible to trace the dynamics of the defects’ development. 

The observation time range was divided into 3 periods: 
а) 70-80s; b) 80-2000s; c) 2000-2020s. The most typical revealed defects affecting the operational 

reliability and bearing capacity of the tunnel were grouped into 7 classes [13]- [15]: d1 - shrinkage cracks 
in the concrete jacket; d2 - signs of gas corrosion; d3 - drip leaks; d4 - force cracks in the arch and on 
the lateral surface of the tunnel; d5 - signs of biological corrosion of concrete; d6 - reinforcement 
corrosion, tray abrasion; d7- the presence of pressure leaks.  
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Analysis of the defects’ development manifestation and dynamics structure show that in the initial 
period of the tunnel collectors’ operation, defects were observed in the form of shrinkage cracks in the 
concrete jacket with the manifestation of drip leaks and signs of gas corrosion. The nature of the defects 
prevailing in the first 15-20 years of the tunnels’ operation and their influence on the bearing capacity and 
operational reliability of structures can be taken as insignificant, and their technological state can be 
recognized as workable according to the RF “GOST” and “BC” regulations. 

The next 20 years of the tunnels’ operation are characterized by the signs of force cracks and a 
significant increase in concrete defects due to its gas and biocorrosion. However, their technical condition 
is in the category of limited working capacity. 

Of particular interest are the results of the defects analysis, the manifestation of which falls on the 
period 2000-2020s. It should be noted that it was during this period that the number of defects affecting 
the bearing capacity of the tunnel structures increased: an almost 40% increase in the number of force 
cracks in the roof and on the lateral surface of the tunnel; signs of reinforcement corrosion and tray 
abrasion; the presence of pressure leaks in a tunnel body; an increase in the proportion of defects 
associated with biological and gas corrosion. Category of technical condition of the waste line structure 
was classified as “disabled”. This period is especially typical for long-term operating tunnel sewers under 
the conditions of increasing man-induced impacts, primarily from the additional point static loads during 
sealing construction and increasing external vibro-dynamic effects [16], [17]. 

Defect-free waste line functioning in these conditions requires a calculated justification of the 
structural safety of the tunnel and monitoring its technical condition when choosing a method and a mode 
of carrying out the measures to restore the bearing capacity and operational reliability of the structure. 

Within the framework of this study, we faced the task of the safe level external anthropogenic 
impacts’ geotechnical provision on the tunnel structure, taking into account its residual bearing capacity. 

3 Results and Discussion 

The measures to protect potentially dangerous sections of tunnel collectors and ensure their 
reliability and safety were proposed on the basis of modeling and determining the boundary of the defect-
free joint operation of the system “source of impact – geo-mass - sewer tunnel” [18]- [20], but the main 
requirement that they must certainly meet, is the possibility of preventive use, justified by geotechnical 
and design calculations [21]- [23]. 

The results of geotechnical modeling to ensure the waste line structural safety typical for a large 
city with a developed engineering and transport infrastructure under difficult engineering and geological 
conditions of construction and operation are presented below (Table 1) as one of the examples [24]- [29]. 

Table 1. The results of the calculation substantiation of geotechnical measures to protect 
potentially dangerous sections of tunnels from unacceptable impacts 

Character of 
technogenic impacts 

Geotechnical and structural measures 

Arrangement of a protective screen made of fixed soil to prevent the foundation pit bottom from elevation 

Unloading the soil 
mass when trenching 
the excavation for the 
tunnel 

Vertical deformations of the 
soil mass after the 
excavation of the 
construction pit, without 
preliminary fixing - 37mm 

Vertical deformations of the soil mass after 
excavation of a construction pit with soil fixing 
above the collector using Jet Grouting technology 
(3.0 m thick) - 3.2 mm 

  

Calculation option Construction stage 
Collector 
deformation, mm.  

Without Propping -  +37 

Propping the foundation pit using Jet Grouting 
technology. Power 2.0m.  

soil reinforcement -2.1 

excavation +10.1  
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Propping the foundation pit using Jet Grouting 
technology. Power 3.0m. 

soil reinforcement -3.0  

excavation +3.6  

Propping the soils above the collector using Jet 
Grouting technology. Power 2.0m. 

soil reinforcement -2.6  

excavation +8.3  

Propping the soils above the collector using Jet 
Grouting technology. Power 3.0m. 

soil reinforcement -2.9  

excavation +3.2  

Structural waste line reinforcement winding technology to increase the maximum permissible tunnel 
displacements  

Increasing the zone of 
maximum permissible 
waste line 
displacements with 
one-sided unloading 
of the soil mass during 
the embankment 
reconstruction. 

General calculated 
displacements during 
excavation under the 
protection of sheet piling 

General calculated displacements during 
excavation with the device of a geotechnical barrier 

  

Additional horizontal 
deformations of the 
collector were 54mm  

Additional horizontal deformations of the collector 
were 7mm 

 

Structural waste line reinforcement by lining and spiral-wound technology to restore the bearing capacity 
of the tunnel to the design level 

Increase in static and 
dynamic loads on 
waste line from the 
action of heavy 
vehicles and trams 

  
 

Condition of a potentially 

dangerous waste line area before 

renovation 

Structural scheme and solution to 

strengthen the tunnel section 

Technical condition of 

the tunnel after 

restoration and repair 

The second example of the numerical implementation of measures to protect the collector from 
external influences is the potentially hazardous area noted above (see Fig. 1). 

The customer set the task to ensure the safe operation of a sewer collector located in soft soils, 
near which the construction of a high-rise building had started. 

The modeling task was to determine the permissible horizontal displacements of the tunnel 
sections when performing work near the structure. 

For normal operation of the collector tunnel, it is necessary to exclude the formation of cracks in 
the structure of the lining caused by its displacement towards the pit during the work. 

The criterion for the structure safety is the maximum permissible tensile stresses of concrete at 
the characteristic points of the lining.  

The design of the collector tunnel lining is a two-layer cylinder. The outer layer is a prefabricated 
reinforced concrete structure made of tubing. The inner layer is a monolithic reinforced concrete jacket 
(see Fig. 2). 
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Fig. 2 - Design of the collector tunnel potentially dangerous section’s lining 

The tunnel sections with different lengths of the influence zone and the structure reinforcement 
degree were modeled (see Fig. 3). Geotechnical calculations simulated the measures to reduce the 
impact on the displacement of the tunnel using a wall in the ground between the tunnel and the wall 
under construction in the ground made of low-modulus material [25], [26]. 

а)  

 

  

 

  

 

b)  

  

Fig. 3 - Fragment of the calculated potentially dangerous section of the collector with a length of 18 
m: a) with loads and elastic rebound;  
b) the transcendent SSS tunnel zones: 1 - in the middle; 2 - at the ends of the displacement section 

Numerical calculations were used to obtain the permissible displacement values of the lining, taking 
into account the presence of a screen made of low modulus material and depending on the tunnel 
deformable section length. Carrying out of work related to man-induced impacts, the project provided 
monitoring the tunnel and geo-massif structure [27]- [29]. 

The calculation substantiation of geotechnical protective measures was carried out according to 
the algorithm [30]- [33]: collection of loads and impacts, determination of physical and mechanical 
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characteristics, determination by geotechnical calculations of the permissible level of external 
anthropogenic impacts on the tunnel, taking into account its residual bearing capacity. Figure 4.a shows 
fragments of the tunnels’ maximum permissible displacements computational modeling results (before 
the application of protective measures and after the implementation of protective measures) and Figure 
4.b shows the data of monitoring observations. 

a)  

 
b)  

 

Fig. 4 - Maximum permissible displacement of a tunnel falling into the zone of man-induced 
influences:  
a) calculated values of the maximum permissible displacement of sewer tunnels D=1.5 and D=2.5 
before (1.3) and after (2.4) strengthening the structure using winding technology; b) data of 
monitoring control by the inclinometers readings to prevent exceeding the maximum permissible 
displacement of the tunnel D=2.5m with the length of the deformable section 70m.  

To ensure the bearing capacity of the tunnel, the SATURN winding method was used, developed 
and adapted for the specific conditions of St. Petersburg: intervals between mines up to 1000m and 
more; irregularity of the working section along the length of the collector associated with the dynamic 
influences and subsidence of the tunnel in weak thixotropic soils. The tunnel collector on Tovarishchesky 
Avenue with intervals and diameters of D = 2.5 m and D = 1.5 m at a depth of 1274 m was in operation 
for more than 40 years and, according to the survey results, had a wear rate of more than 79%, 
subsidence at the intersection of streets up to 25 mm. Based on the GPR scanning results, it was found 
everywhere that the concrete jacket was peeled off from the tubing lining with the formation of pressure 
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leaks. The scope of work operations included: tunnel cleaning and surface preparation; structural bonding 
of the concrete jacket and tubing lining by injecting SikaDur; reinforcement of the surface of the vault with 
structural reinforcement with SikaWrap carbon fiber; lining the surface of the tunnel with a winding profile 
made of PVC; polymer cement mortar injection (Pcomp=65MPа) into the annular space for structural 
bonding of the shell made of PVC with tunnel construction. 

Using this technique, potentially dangerous sections of tunnels that have been operated for a long 
time in difficult soil conditions were identified (see Fig. 5), which, using numerical modeling, made it 
possible to choose rational methods of geotechnical protection of these sections and ensure their 
structural safety under increasing man-induced dynamic impacts [34]- [37]. 

 

Fig. 5 - The potentially dangerous sections of sewer tunnels identified in St. Petersburg, requiring 
structural safety protection 

According to the monitoring carried out on the restored potentially dangerous sections of the tunnel, 
it was established: vibration dynamic tests of the tunnel before and after repair showed the changes in 
the period of natural collector vibrations of 0.54 s. up to 0.19 s. so, by 58%, and the amplitude of natural 
vibrations decreased from A = 300 µm to A = 15 µm, i.e., by almost double. This indicates the structure 
integrity restoration and the joint work of its layers during continuous operation. 

4 Conclusions 

1.Difficult engineering and geological conditions and the increasing influence of technogenic factors 
have led to the wear of long-operated tunnel collectors in large cities of Russia up to 66%. For St. 
Petersburg, characterized by vibration-resistant enclosing waste line massifs of soils, the level of wear 
reaches 83% with a high dynamic of development up to 1.5 hours 2% per year. 

2.Potentially dangerous sections of the tunnels have been identified by the methods of diagnostics 
and modeling of technical conditions. Proposed and geotechnically sound waste line protection methods, 
including technologies of structural reinforcement and rehabilitation in the conditions of wastewater 
transportation, accompanied by a monitoring system, ensure structural waste line safety and their 
operational reliability. 

3.Methods for ensuring structural safety developed and substantiated by waste line geotechnical 
modeling are recommended for use in large cities with difficult soil conditions, with heavily worn-out 
sewers with potentially dangerous sections of tunnels and, as a result, to increase their reliability during 
long-term operation in conditions of urban infrastructure development. 
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