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Abstract. The specificity of the behavior of the soil massif near the tunnel under construction in difficult mining con-

ditions is considered. It was revealed through the joint interpretation of the results of geophysical measurements in the 

tunnel and computer simulation. The results of field geophysical studies to identify areas of decompacted soil behind 

the lining in two existing tunnels during successive drilling of two new tunnels under them are described.  

A method to analyze the response of the lining to impact was used providing for the calculation of its energy. It has 

been established that the decompaction zones are mainly located in the lateral lower areas of the tunnel. To substantiate 

the mechanism of formation of cavities, computer simulations were carried out using the finite element method with 

the COMSOL Multiphysics software. The finite element model is built on the Drucker – Prager criterion in the variant 

of a two-dimensional problem statement. It is shown that at the initial position of two old tunnels, the areas of decom-

paction can develop mainly on the sides. The position of the zones changes significantly when excavating two new 

tunnels. Soil decompaction zones appear between the tunnels and there is a tendency for the areas to spread to the upper 

point of the tunnel. According to geophysical data time delays in the impact of new tunnels on the existing line are 

noted, as well as a decrease in the size of decompacted soil areas over time. There is a satisfactory agreement between 

the positions of the decompaction areas and voids obtained by the geophysical method and the results of numerical 

simulation. 
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Introduction. Excavating of workings in difficult mining and technological conditions is one of 

the most acute problems of underground construction. Publications on this topic often talk about the 

impact of tunneling on the soil massif and its surface [1-3], the interaction of tunnels under construc-

tion with buildings on the surface [4-6] and with urban infrastructure (roads, collectors) [7]. Other 

studies reflect the issues of the interaction of new tunnels with those already in operation [8, 9] and the 

choice of technology for the construction of several tunnels that affect each other. They consider the 

construction of parallel tunnels [10, 11], two tunnels at different depths [12], as well as an analysis 

of the behavior of twin tunnels [13] and vertically aligned twin tunnels [14]. A separate topic is con-

struction in difficult geological conditions [15]. 

Construction safety in these cases is implemented using predictive models of massif behavior. 

Analytical solutions [16], field studies [17, 18], various statistical approaches [19, 20], numerical 

[10, 21, 22], and physical modeling [13, 19, 23] are often used here. 

Validation of predictive models is more often carried out through geodetic surface measure-

ments, which make it possible to monitor the deformations of the day surface, as well as through 
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intra-tunnel measurements [24, 25], which monitor the settlement of rings. Geophysical validation 

and monitoring are used less often [26]. At the same time, geophysics can provide additional infor-

mation about the state of the soil massif, which is desirable to use for analyzing its state. 

If the study of models speaks of high accident risks, they change the construction technology 

and its parameters [7, 12] (in particular, the rate of penetration, axial load, weight pressure, parameters 

of the cement slurry [12, 21, 27]), and more carefully monitor compliance with the parameters of 

penetration [28]. 

The occurrence of cavities in the space behind the lining is one of the significant problems in the 

construction and operation of tunnels. They can lead to critical deformations of the lining and rail 

track, precipitation of the daylight surface, asymmetric stress-strain state of the soil massif around the 

tunnel, and affect the surrounding buildings [22, 29, 30]. The combination of complex mining and 

technological conditions and the presence of cavities can significantly increase the risk of an emer-

gency. Therefore, research is being carried out both in the direction of assessing the specific impact 

of the cavity on various structures [31], and in the direction of developing methods for identifying 

cavities behind the lining for the purpose of their subsequent plugging [32]. 

The most common approach for searching for cavities are geophysical methods, in particular 

Impact-Echo (IE) and Impulse Response (IR), ground-penetrating radar [33-35]. IR is implemented 

as an analysis of the impact response of the lining. The response has been recorded by the seismic 

equipment. Further, the decision about the presence of a cavity behind the lining is based on the 

parameters calculated from the signals, for example, the signal amplitude, its energy, damping of the 

response oscillations. A lining that is not damped by the soil oscillates more freely if a cavity is 

present. This leads to an increase in the signal energy and a decrease in the attenuation of the oscilla-

tions. The IE method uses the registration of standing waves in the lining, also excited by impact, but 

the echo parameters are different compared to IR. The reflection coefficient at the lining-soil boundary 

increases if there is a cavity behind the lining. This leads to more pronounced resonance phenomena. 

The method of high-frequency ground penetrating radar (GPR) involves the use of pulsed electro-

magnetic radiation. The wave packet emitted by the antenna is reflected from the boundaries in the 

lining and the soil massif and is recorded by the receiving antenna. The presence of a cavity changes 

the parameters of the recorded signals [36]. The general direction of the described methods develop-

ment (IE, IR, GPR, etc.) has been carried out in the field of application of various methods for pro-

cessing the received signals and methods for extracting informative parameters and attributes from them 

[32, 37-42] in recent years. 

A review of publications showed the following. The analysis of changes in the soil massif during 

the construction of tunnels in complex mining and geological conditions is often either work with 

predictive models corrected by field studies of surface deformations, or analysis of only geophysical 

studies both from the tunnel and from the surface. Articles on the joint interpretation of models and 

results of geophysics are relatively rare. A similar study is presented in this article. 

The purpose of the work is to analyze the behavior of a soil massif in a complex mining situation, 

which implies the prediction of cavities behind the lining using joint geophysical surveys and finite 

element modeling. 

Methodology. The object of the study is a soil massif around several tunnels of the Moscow 

metro. The massif is composed of alluvial-fluvioglacial deposits (clays, loams, fine and medium 

sands). By the time the geophysical surveys were carried out, the rock massif section already con-

tained a constructed metro line, consisting of two tunnels (Fig.1). The designations “path I” and “path 

II” will be used for these tunnels. The new branch was designed below the level of the built branch 

also consisting of two tunnels (Fig.1). For these tunnels, the designations “LATT” and “RATT” are 

used. These abbreviations mean the left and right auxiliary technological tunnels that passed one after 

the other. In October – June 2017, LATT was completed, in March – April 2018, the RATT was 

completed. The designations of the tunnels “path I”, “path II” for existing tunnels and “LATT”, 
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“RATT” for those under construction correspond to the nomenclature adopted in the working docu-

mentation. The operating tunnels were at a depth of 10.5 m, and those under construction at 18.3 m 

(at the level of the tray). The diameters of the tunnels were 5.9 m. At the intersection of the branches, 

the minimum distance from the tray of the old tunnels to the upper points of the new ones was  

only 3 m. 

Such a complex technological situation consisting of four closely spaced tunnels (two operating 

and two under construction tunnels) required a two-time suspension of the operation of the existing 

metro for several days and monitoring during the tunneling process. Monitoring consisted of contin-

uous mine surveying and periodic geophysical surveys. Geophysical surveys were carried out to iden-

tify cavities in the field behind the lining. The survey was conducted from the inner space of the 

tunnel point by point using the IR method. The layout of testing points with their numbers n on the 

lining ring is shown in Fig.2. The site was surveyed by several similar sections with a step of 5 m. 

During the survey, a seismic vibration sensor was applied to the lining at the testing point. A series 

of five blows was applied next to it at a distance of 20-30 cm. The response of the lining to the impact 

was recorded by a digital seismic station and averaged. The lining had to behave as a membrane not 

pressed by the soil, if there was a cavity behind the lining. This led to the fact that the amplitude of 

the response increased, and the attenuation of the oscillatory signal decreased. 

A number of informative parameters (attributes) capable of indicating the presence of a cavity 

behind the lining were extracted from them during processing of the recorded response signals. The 

most commonly used energy parameter 

max 1
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0

,
m

i

i

E A t




   

where mmax is the number of samples in the registered signal; Ai is the i-th amplitude value of the 

signal; t is the sampling interval in time. 

The energy parameter E integrally takes into account both the increase in amplitude and the 

lengthening of the signal in time, associated with a decrease in attenuation [15, 43]. 

Geophysical measurements were carried out in separate cycles. Five cycles were carried out dur-

ing LATT excavation, and four cycles were carried out during RATT excavation. The cycles of geo-

physical measurements are described in Table 1 and they are designated according to the principle: 

L1 ‒ the first cycle of measurements during the boring of LATT; R1 ‒ the first cycle of measurements 

during the boring of the RATT. The control cycles L5c and R4c were carried out after a long period 

Fig.1. The location of the tunnels on the plan with indication 
of survey areas (when drilling RATT). Section A-A shows  

a section where all four tunnels are present in one space 

Path survey 
section II 

 
Path survey 
section I 
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А 

А 

Fig.2. Layout of points with indication  

of their numbers n on one lining ring 
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of time after construction. These diagrams should be read as follows. The moments L1 and L2 mean 

that paths I and II are already in the cross section A-A, and the TBM rotor (a circle with a crosshair) 

is in front of the section. The moments of the measurement cycles L3 and L4 mean that the rotor has 

just passed through the section A-A and moved on. Since the tunnel has already appeared in section 

A-A by this moment, it is shown with a dotted circle. When excavating the RATT, the LATT tunnel 

has already been built, so it is immediately shown in the diagrams. For the R1 cycle, the rotor, simi-

larly to the L1 cycle, is located in front of the A-A section. For cycle R2 it approaches the section. 

For cycles R3 and R4, the tunnel had been already built in the section (dashed line). The rotor at this 

moment was behind this section. 
 

Table 1  

The location of the workings and the rotor of the shield during measurements 

 

Cycle 
Date of 

LATT-boring 

Location of workings 

and shield rotor 
Cycle 

Date of 

RATT-boring 

Location of workings 

and shield rotor 

L1 28.10.2017 

Rotor is before 

the section А-А 

 

R1 25.03.2018 

Rotor is before 

the section А-А 

 

L2 29.10.2017  

The rotor  

approaches the  

section А-А 

 R2 27.03.2018 

The rotor  

approaches the sec-

tion А-А 

 

L3 30.10.2017 

The rotor is  

after section А-А 

 R3 28.03.2018 

The rotor is  

after section А-А 

 

L4 31.10.2017 

The rotor is  

after section А-А 

 

– – – 

L5c 09.11.2017 

Control cycle 

 R4c 17.04.2018 

Control cycle 

 

  

Notes:       – operating metro tunnels;        – the position of the shield rotor when driving a new line;       – newly built 

area at the intersection of the tunnels. 

 

Research results. Based on the results of geophysical surveys and calculation of attributes, a 

map of contact properties was built. The E values were located on the tunnel sweep at the survey 

points. The E values were interpolated between the points. The most commonly used method was 

either Krige or Shepard. The number of the ring N was plotted on the maps along the X axis. The 

number of the point n was plotted along the Y axis. Figure 3 shows examples of such maps for cycles 

R3 and R4c. Both maps were taken on the first path. The threshold values of the attribute E were 

obtained from surveys in which the quality of the contact is known in advance. Exceeding the thresh-

old E meant that there was bad contact behind the lining. 

Numerical characteristics are desirable to use for comparative analysis of maps. The percentage 

of the map area corresponding to the bad contact K was selected as a similar characteristic. Figure 4 

shows graphs of the change of factor K from cycle to cycle. An additional study was conducted since 

the parameter K was influenced by the chosen interpolator when processing the results. One of the 

maps with a high percentage of K (cycle R3, path map I) was calculated with six different interpola-

tors. Analyzing the results, we can conclude that the values of K vary slightly. The variation factor 

for these data was 6.8 %. 
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The modeling was carried out in the COMSOL Multiphysics environment for a deeper analysis 

of the results obtained. This modeling made it possible to explain some of the features observed on 

the contact properties maps and graphs K. Geophysical studies were carried out in the interval be-

tween the movements of metro trains. They did not respond to ground and the linings fluctuations 

caused by their movement. Thus, the problem was solved in a static formulation for the correct joint 

analysis of full-scale and model results. 
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Fig.3. Examples of contact property maps for the path I: cycles R3 (a) and R4c (b) 

1 – normal contact lining – ground massif; 2 – weakened contact lining – ground massif 
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Fig.4. Graphs of the K-factor change versus the cycle number: L1 – L5c (a); R1 – R4c (b)  

I-II – path number 
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The model was developed based on an example from the COMSOL Multiphysics model library 

eAt the same time, it was taken into account that when calculating in a two – dimensional formulation 

of the problem, modeling was performed in a three-dimensional formulation corresponding to the 

Drucker – Prager criterion. Stresses and deformations were considered only in the corresponding two-

dimensional section. The yield surface in this case was determined as follows: 

F = 3σ̅ + σe – K; 

1 2 3σ σ σ
σ

3

 
 ; 

 2 2 2 2 2 21
σ

2
e xx yy zz xy yz zxs s s s s s      , 

where σ̅ is the average stress; σe is the equivalent deviator stress;  and K are material constants;  

σi are principal stresses; sij are deviatoric stress components: sxx = σ1 – σ̅; syy = σ2 – σ̅; szz= σ3 – σ̅;  

sxy = τxy; sxz = τxz; szx = τzx. 

The parameters of the Drucker – Prager criterion are calculated using the parameters of the 

Mohr – Coulomb criterion: 

2

tanφ
α ;

9 12tan φ



 

2

3

9 12tan

c
K 

 
, 

where c is adhesion, kPa; φ is the angle of internal friction, deg. 

A two-dimensional model of the rock massif was used, which is a homogeneous layer with a 

thickness of 65 m (idealized soil massif), where the tunnels were located. They were modeled as an 

unfilled ring of concrete lining. The properties of the rock massif and the lining were set based on the 

results of engineering and geological surveys. The main values of the model physical properties (mas-

sif/lining) were as follows: angle of internal friction  = 36/–; adhesion c = 50/– kPa; specific gravity 

 = 22/25 kN/m3; modulus of elasticity E = 50/20000 MPa; Poisson's ratio  = 0.3/0.2. 

The initial stress field specified in the model used only the gravitational component,  since the 

tectonic component is insignificant for the Moscow region. Boundary conditions were Free on the 

daylight surface (any displacements were 

possible), Roller on the remaining bounda-

ries (displacements were possible along the 

boundary, and not possible perpendicular to 

the boundary). Figure 5 shows the general 

scheme of the model, indicating the bound-

ary conditions in the COMSOL Multiphys-

ics global coordinate system. 

The simulation results are shown in Fig.6. 

Here, the isolines give the values of the 

equivalent deviatoric stress σe. Binary color 

scale denotes effective plastic deformations 

pl. There were plastic deformations in areas 

for which pl > 0. There are no plastic 

deformations where pl  0. 

σyy = 0,  τxy = 0 

τ x
y 
=

 0
, 

 σ
xx

 =
 q

ρ
g

y 

u
x 
=

 0
, 
 τ

xy
 =

 0
 

uy = 0,  τxy = 0 

y, uy 

x, ux 

z, uz 

Fig.5. The general scheme of the model for four tunnels with a 

finite element grid and the indication of boundary conditions in 

the global coordinate system of COMSOL Multiphysics 
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Several models differing in the number of tunnels were calculated. Variants with 1, 2, 3 and 4 

tunnels were developed, which were located in accordance with the actual position of the workings. 

According to the simulation results, it can be noted that the lower right tunnel was located slightly 

higher, which corresponds to the real state of the tunnels. On the Fig.6, a you can see behavior of the 

soil massif around a separate tunnel (upper left) and two tunnels located one under the other (right 

tunnels). Figure 6, b shows a variant with all four tunnels. 

An additional study was conducted with varying values of the physical parameters of the Pi 

model in order to assess how much the size and shape of the areas can change. Here the number i is 

the parameter number given in Table 2. This investigation was carried out on a model with one tunnel 

in the massif using the method of a one – factor experiment, when one factor was changed, and all 

the other factors were unchanged. Preliminary variation of the lining parameters showed that they 

practically do not affect the size and shape of plastic deformation areas. 
 

Table 2 

Sensitivity coefficients evaluating the effect of varying soil parameters  

on the size of areas of plastic deformation 

i 1 2 3 4 5 

Pi   c E  

Si –6.3 –2 –1.7 0.12 1.75 

 
The variation of soil parameters was carried out at five levels within the possible maximum and 

minimum of their values. The following parameter ranges were used:  = 0.29-0.33,  = 30-46,  

c = 35-55 kPa, E = 20-60 MPa,  = 16-28 kN/m3. 

During the study, it became clear that the change in the values of Pi mainly affects the size of 

the areas of plastic deformations. The areas can either press against the lining or move away from it. 

However, the shape and area of their fit to the lining change slightly. A methodology for assessing 

the sensitivity of the model to the influence of changes in parameter values has also been developed. 

The size of the area L is chosen as the criterion. Since the regions remained compact for all variants 

of parameter values, it was decided to use the maximum distance from the lining to the edge of the 

plastic deformation area as L. 

Graphs of dependencies L(), L(), L(c), L(E), L() were plotted. To minimize the influence of 

absolute values, the values of L and the parameters , , c, E,  were normalized to their maxima. The 

resulting graphs in most cases showed either monotonous growth or monotonous decline. Since the 

graphs had mostly weak nonlinearity, it was decided to use their extreme values to assess sensitivity. 

Based on these assumptions, sensitivity coefficients are calculated for each Pi parameter: 

а 
1 

2 

b 

Fig.6. Simulation results in the form of values of equivalent deviatory stress σe (isolines)  

and effective plastic deformations εpl (binary scale): stage after excavating of LATT (a) and RATT (b) 

1 – presence of εpl; 2 – absence of εpl; white arrows – areas in which areas of plastic deformation developed 
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   max, min,

max, min,

i i

i

i i

L P L P
S

P P





, 

where i was the parameter number; L(Pmax,i), L(Pmin,i) are the dimensions L of the area of plastic 

deformations at the maximum and minimum values of the i-th parameter; Pmax,i and Pmin,i are the 

maximum and minimum values of the ith parameter. Thus, Si estimates the increase in the size of the 

plastic deformation area L relative to the increase in the parameter value. 

The obtained sensitivity coefficients were presented in Table 2. It can be noted that the Young's 

modulus had the least effect on the size of the areas, and the Poisson's ratio had the greatest effect.  

A negative Si value indicates that the increment of the parameter causes a decrease in the size of the 

area. A positive one causes its increase. Such coefficients can be used to assess how acceptable it 

is to transfer the simulation results to other construction sites, where other properties of the massif 

may differ. 

Analyzing the simulation results, we note that the boring of three and four tunnels in the massif 

creates a complex stress-strain state. The location of plastic deformation zones around a separate mine 

well corresponds to the typical observed pattern obtained during a geophysical survey. For example, 

at points n = 1 and n = 5 cavities occur most often, n = 2 and n = 4 – less often, n = 3 – very rarely. 

Noting this feature it is possible to confirm the typical results of geophysical studies and to assume 

that the high energy of the response to the impact corresponds to the zones of plastic deformation 

behind the lining and is associated with the decompression of the soil in the area of contact between 

the lining and the soil. This fact can be detected during geophysical studies. 

Areas of plastic deformation can close together and form a single system located between four 

tunnels (Fig.6, b). Obtaining such results made it possible to explain some features of the behavior of 

the decompression areas, the dimensions of which were estimated using the IR method. 

Discussion of the results. The carried-out modeling, together with the interpretation of the re-

sults of field studies, allowed to confirm the results of geophysical studies and to obtain additional 

conclusions. 

The most noticeable common features that can be seen from the obtained graphs of the coeffi-

cient K are that they contain pronounced peaks (see Fig.4). With the development of the situation, the 

areas of poor soil-lining contact initially increased, and then decreased. In this case, the deformations 

were redistributed in the massif, and the cavities were closed. 

In Fig.4, a the most pronounced peak detected during the LATT boring is on the fourth cycle of 

the survey along the I path. The fact that this peak was observed already after the shield passed under 

the survey site (on the third cycle, see Table 1) is easy to explain by the time it takes for plastic 

deformations to reach the zones of the massif located near the tunnel “path I”. Figure 6 shows that 

similar processes occur, and plastic deformation zones not only occur near new tunnels, but also reach 

old tunnels, and also change the shape of decompression zones near existing tunnels. 

An interesting feature has the chart of the boring of the RATT (see Fig.4, b). The graph of path I 

shows a well-defined peak on the third cycle (see Fig.3, a). The peculiarity of this map is that areas 

of bad contact appear even at the point n = 3, where they are very rare. The area capturing the point 

n = 3 is located at the place where the shield passed under the tunnel of path I earlier during the boring 

of the LATT (see Fig.3, a at N = 30). In other words, the boring of a neighboring tunnel (RATT) 

affected the section already passed and aggravated the situation. The results of the simulation with 

four tunnels show how such a process could occur. Figure 6, b shows that areas of plastic defor-

mations can occur in the space between the four tunnels. Thus, the boring of the RATT can worsen 

the situation near the place where the LATT was previously bored. 

Unfortunately, both geophysical surveys on path II are heavily influenced by random factors. In 

both cases, on the first cycles, path II graphs behave similarly to path I graphs. However, these graphs 

show dips at the peaks where the massif is consolidating. Both cases can be explained by the fact that 
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the moment of maximum decompaction simply did not fall into the planned measurement system 

limited by the technological features of the metro. This is especially evident in cycles 3 and 4 of the 

RATT. Cycle 3 corresponds to the moment when the shield has just moved away from the point of 

intersection with the tunnel “path II”. Most likely, plastic deformations did not have time to reach 

the massif near this tunnel. The fourth cycle is the control cycle and was performed later than the 

third cycle. 

It is worth noting one more feature, which was explained by the joint interpretation of the mod-

eling results and field measurements. The tunnel, which was not affected by the excavation of the 

underlying working, can be seen in Fig.6, a (top left tunnel). The situation changes when a tunneling 

is carried out under it (Fig.6, b). In this case, the zones of plastic deformations at the contact soil – 

lining move slightly upwards, to the point n = 3 (Fig.6, b). In these areas, the ratios between normal 

and tangential stresses, in accordance with the Mohr – Coulomb strength criterion, lead to the for-

mation of plastic deformation areas that are shifted upwards. It is important to note that we are not 

talking about the absolute size of these areas, but about relative part of the soil – lining contact with 

plastic deformations. 

Analyzing the maps of the contact properties, it can be noted that when excavating under the 

tunnel at its upper point (n = 3) the areas of decompression begin to be observed more often. As an 

example, we can consider the contact properties map in Fig.6, a, obtained immediately after excavat-

ing under the tunnel. Unlike the map of Fig.6, b, here several upper points at once indicate poor 

contact of the soil – lining. 

Conclusion. During the excavation of two new tunnels under two existing tunnels, the studies 

involving the use of geophysical surveys in existing tunnels, as well as numerical modeling of the 

stress-strain state prediction of the tunnel – soil massif system were carried out. Based on the con-

ducted research and joint interpretation of the results, it was possible to identify the following: 

1. There is a satisfactory convergence between the results of geophysical studies of the areas of 

decompression of the soil massif in the space behind the lining and numerical modeling of zones of 

plastic deformation. 

2. Numerical modeling has shown that plastic deformation zones are mainly formed along the 

lateral surfaces of the tunnel and should rarely be observed in the trough part and the upper point of 

the tunnel, which is confirmed by the results of geophysical observations. In a complex mining situ-

ation with four tunnels side by side in a massif, plastic deformation areas may appear not only next 

to the tunnels, but also between them. 

3. It can be noted that there is a delay between the moment of new tunnel excavation and the 

formation of poor soil – lining contact areas of the existing tunnel when performing instrumental 

measurements in both existing tunnels. After some time, the processes of formation of these areas 

can acquire a reverse character of development. At the same time, the size of areas of weakened 

contact soil – lining reduce. 

4. A complex stress-strain state can be observed during construction in difficult mining and tech-

nological conditions when excavating two tunnels under the already existing two tunnels. Plastic de-

formation zones may arise not at the point where the tunnel under construction passes the existing 

tunnel, but where the tunneling was carried out several months ago. At the same time, decompression 

areas are not yet observed at the moment of crossing the existing and under construction tunnels due 

to the delay effect. 

5. Under such excavation conditions, a situation may arise, observed both in geophysical and 

model studies, when the areas of poor contact will develop not to the sides from the intersection point 

of the existing and under construction tunnels, but to the upper point of the existing tunnel, forming 

a ring of decompacted soils around him. 

 

The authors are grateful to P.V.Nikolenko and R.M.Gaisin for their help in field measurements.  
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