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ABSTRACT
The article presents methodical approaches to the computation of the land-surface
deformations during the construction of underground facilities of complex spatial
configuration. Considered methodical approaches are based on numerical methods of
analysis. The article presents the computation concept of stress-strain state of rock mass
and land-surface deformations during the construction of underground facilities of
complex spatial configuration, which is based on the representation of the
computational domain in the form of global and local models. The presented concept
has been tested in the context of underground facility consisting of three single-bore
connected tunnels.
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1. INTRODUCTION
The feature of underground facilities of complex spatial configuration is the presence of two or
more elements, the construction process of which is separated in time, while the elements of an
underground facility mutually influence each other. At that, reliable representation of their
interaction is beyond the scope of simplified scenarios, such as plane-strain or axisymmetric
approaches. The element of underground facility is understood as a chamber with a different
cross-section, breakoff, inlet, station or main line tunnel, vertical or inclined shaft, etc. The
more elements are within the zone of mutual influence, the higher the complexity of the
prediction of geomechanical processes’ development in their vicinity, and the more difficult is
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carrying out the construction of such facilities. The impact of the already constructed element
of underground facility on the element of underground facility under construction is manifested
in the form of the changed stress field along the construction track, the presence of rock mass
zones, where mechanical properties of rocks are altered due to the impact of the already
constructed element, as well as limit state zones, which are expressed in the form of intense
plastic deformations zones or the formation of micro- and macrocracks. This leads to the
activation of geomechanical processes in the vicinity of the newly constructed element of
underground facility, increase of the displacements of rock contour line and, consequently,
increase of the land-surface deformations. The influence of the element of underground facility
being under construction on already built elements also has a negative impact. The
redistribution of stresses in rock mass caused by the construction of a new element of
underground facility has direct impact on the stress state of the lining of underground facility,
and causes the development of its deformations. These deformations are rather small and do
not lead to a significant change of the cross sectional area of the tunnel. However, the
construction process of a new element of underground facility has much greater impact. The
construction of a new element of underground facility, as mentioned above, is accompanied by
deformations of a rock mass, the vector of which is directed towards the worked-out space.
Deformations of the rock mass involve into the deformation process the lining of the
underground facility element, which has already been constructed. This causes some changing
in the shape of the element, leading to the redistribution of deformations in the vicinity of the
already constructed element, as well as has general impact on the deformations, which are
formed as a result of construction of underground facility of complex spatial configuration.
Therefore, reliable prediction of land-surface deformations for objects with complex spatial
configuration is interconnected with the accepted sequence of construction of the underground
facility elements, as well as construction technology.
The issues related to prediction of land-surface deformations during the construction of
underground facilities based on numerical simulations were considered in the works of many
researchers. Application of numerical methods of analysis becomes increasingly common in
engineering practice. Studies in this area have started long ago. The first significant results in
this direction are presented, for example, in the works of A.B. Fadeev [1] and O.C. Zienkiewicz
[2]. Review of application of numerical methods of analysis for solving underground
construction problems are presented in the works of D.M. Potts and L. Zdravkovic [3; 4].
Subsequent works towards the use of numerical methods of analysis [5; 6; 7; 8; 9; 10; 11; 12;
13; 14; 15; 16; 17; 18; 19; 20] are aimed at improving the reliability of the numerical predictions
by taking into account various aspects affecting the development of geomechanical processes
during the construction of underground structures. However, the noted works left almost
untouched the issues concerning prediction of geomechanical processes’ development in the
vicinity of underground facilities of complex spatial configuration, or these issues were
considered very simplistically. In the present article, the main attention will be paid to the
methodology of predicting land-surface deformations during the construction of underground
facilities of complex spatial configuration.
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2. METHODS
2.1. The numerical simulation methodology to predict land-surface deformations
during the construction of underground facilities of complex spatial
configuration.
Numerical simulation of rock mass stress-strain state prediction during construction of
underground facilities of complex spatial configuration can be performed only on the basis of
the spatial numerical models. The consideration of main construction stages of underground
facility is necessary for reliable prediction of deformations in its vicinity, and depends on the
degree of particularization of the numerical simulation. For example, when constructing pylon
type underground station in urban terrain of St. Petersburg, the depth of jud during the
construction of the station tunnels is 0.75 m, while lining is installed with some lag behind the
forehead after the development of the rock within the bounds of the jud. The overall length of
3 station tunnels is approximately 450 m. So, in order to ensure the sufficient particularization
of the stress-strain state development modeling, it is necessary to split the solution to at least
600 stages. Given the fact that usually, while simulating, the installation of the lining and
development of the rock are divided into two separate phases, the number of computation steps
will be doubled. It should also be noted that the underground station, in addition to station
tunnels, includes a number of other underground mine workings. The problem of mutual
influence of underground mine workings as parts of the underground station should be resolved
in the spatial formulation at the approximate number of finite elements sufficient to discretise
the considered area, and equal to 350-500 thousands, and in some cases even more. Taking into
account the rather complex geometric structure of station facilities, a breakdown of the
computational domain is performed using the “tetrahedron” type elements. The accuracy of the
solution, when using the "tetrahedron" type elements can be achieved only by using elements
of the second order, that is, 10 nodal elements. Based on the experience of performing numerical
simulations, solving the problem in noted formulation becomes extremely time-consuming
(from a few weeks for simple models of the medium behavior and much longer for complex
medium behaviors) that limits this approach for practical application. Similar problems will
arise, when considering another type of underground stations. Particular difficulties arise, when
considering transfer hubs near underground stations.
The article presents an alternative approach to the prediction of geomechanical processes in
the vicinity of underground facilities of complex spatial configuration (Fig. 1). It is proposed
to carry out computations of rock mass deformations in the vicinity of underground facilities,
as well as land-surface deformations using different numerical models. The global numerical
model, which is used to predict the land-surface deformations includes all the basic elements
of underground facility with sufficient particularization. However the construction process is
not considerred in detail (for example, the modeling of each jud in the course of construction
of underground structure element or opening its cross section in parts), but rather discusses
selected consolidated stages (the construction of the tunnel, chamber, breakoff, or other
underground structure element in general), while the construction process is modeled through
given deformations on the contour line of rock outcrop. Deformations of rock outcrop contour
line of each element of underground facility are calculated on the basis of local numerical
models. The formation of local numerical models is performed by division of the global model
of the underground facility into separate elements in such a way that their mutual influence was
most limited. Modeling the construction sequence of individual element of underground facility
is performed with the greatest possible particularization, which would take into account the
main elements of construction technology, as well as features, influencing the development of
geomechanical processes in its vicinity.
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As noted above, numerical simulation of geomechanical processes’ development based on
the global model is performed in simplified form. We allocate the most important construction
stages and predict land-surface deformations at the end of each of these stages. Usually the
construction stage is considered as the construction of one of the main station elements, such
as station tunnel, chamber, supporting tunnel, tunnel junction area, etc. This approach allows
significantly reducing computation time, because the number of computational stages does not
usually exceed 15-20.
Source data
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Figure 1 Numerical simulation concept to predict land-surface deformations caused by the
construction of underground facilities of complex spatial configuration.

The relationship between local numerical models and global numerical model is
implemented in two aspects (Fig. 2). At the first stage, based on the global numerical model,
we generate the initial stress field taking into account the geological structure of construction
area, the topography of the earth, and other factors. The global model includes all the basic
elements of underground facility, including sets of nodes of element mesh that belong to rock
contour line of each of them. At this stage, the internal (stresses) and external (gravitational
load) forces are in equilibrium that ensures the absence of deformations in the elements of the
global numerical model. The size of the global numerical model is determined based on the size
of the affected area of construction of underground facility in general. The length of the
underground facility and the depth of its laying have the greatest influence on the size of the
numerical model. Among factors having lesser effect, we can distinguish the geological
structure and the initial stress field (the ratio between horizontal and vertical stresses). Next, we
build a local numerical model to predict geomechanical processes in the vicinity of particular
element of underground facility.
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The initial stresses are transmitted from the corresponding section of the global model to
the local model. At the same time, we set boundary conditions (nodal forces or nodal
displacements) along the boundaries of the local model, providing the state of equilibrium in
the model. Additionally, indicators of the rock state that are characterized by the attained plastic
strains, as well as other indicators defining mechanical parameters of the model, are transferred
from the global model to local model. This procedure allows generating the initial conditions
of the local model, which correspond to the state of the concerned segment in the global model.
Numerical simulation of the geomechanical processes’ development in the vicinity of the
underground facility element is performed only within the frameworks of the local model, and
is not associated with a global model up to the moment until it is fully completed.
Next, displacements of nodal points are transferred from the surface responsible for rock
baring contour line of the local model to the corresponding nodal points of the global model.
Since the number of nodal points and their position on the surface of the model usually do not
match, the values of the nodal displacements in the global model are determined based on the
interpolation of data taken from the local model. These movements are applied in the form of
forced displacements towards the contour line of the underground facility element in the
framework of the global model. Simultaneously, we “cut off” final elements responsible for the
rock state within the contour line of the underground facility element. Thus, at the end of this
procedure, the stress state and the parameters characterizing the mechanical properties of the
rock in the global model are updated taking into account the already constructed element of
underground facility. These parameters are later used as initial and boundary conditions for the
next local model. Then the process is repeated and construction of the next underground facility
element as part of the station is considered.

Figure 2 Graphical representation of the relationship between local (b, c, d) and global (a) numerical
models: 1 – underground station I; 2 – underground station II; 3 – transfer hub.
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3. RESULTS
3.1. Prediction of the land surface deformations at the construction of complex
spatial underground facility: the problem statement
The proposed method has been tested in the context of formation of the stress-strain state in the
vicinity of the junction between three tunnels, and the formation of land-surface deformations.
The solution of this problem is possible only when considering the task in a spatial formulation
(Fig. 3). Depth of the mine workings relative to the earth surface is 50 m. The solid is
homogeneous and isotropic. Its behavior is described according to the elastoplastic model,
based on the Drucker-Prager failure criterion. The stress-strain modulus of rock mass is
assumed to be 100 MPa, Poisson's ratio is 0.4. Adhesion of the rock mass d=500 kPa, angle of
internal friction = 30 , angle of dilatancy = 0 . The initial stress-strain state of the rock
mass is given according to the gravitational distribution law from the boundary of the model,
corresponding to the earth surface, to the lower boundary of the model. The coefficient of lateral
earth pressure K0 is conventionally accepted equal to 1. Displacement at the lateral boundaries
of the model is prohibited in the direction perpendicular to them. Displacement at the lower
boundary of the model is prohibited in all directions. The boundary of the model responsible
for the earth surface can be freely deformed.

Figure 3 Computational scheme (a) and the geometric representation of underground facility
elements; (b): 1-3 – tunnels.

When modeling the development of the stress-strain state on the basis of conventional
approach, the sequence of the rock mass construction was performed by eliminating the
elements responsible for the rock mass within the corresponding tunnel at the appropriate
computation stage. This led to the violation of the equilibrium conditions and the deformation
of the elements responsible for the rock mass in the vicinity of rock outcrop, and when moving
elements from the earth surface towards the zone of active deformations. The construction
sequence of underground facility elements was as follows: at the first stage we developed tunnel
No. 1; at the second stage – tunnel No. 2; and at the third stage – tunnel No. 3. When modeling
stress-strain state based on the separation of the proposed rock mass section into the global and
local models, simulation of deformation processes was performed using local models, while
further displacements, obtained in the respective nodal points, located on the surface of rock
outcrop in local models, were transferred in the form of forced displacements to the nodal points
lying on the contour line of rock outcrop of the global model. The global model was divided
into 5 sectors (Fig. 4a). Each sector included an element of underground facility. To reduce the
dimensionality of local models, before constructing them, the computational domain was
reduced to the minimum possible size so that the boundary conditions practically did not affect
the results of the development of geomechanical processes in the vicinity of the concerned
element of the underground facility (Fig. 4b).
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At the first stage stresses from the global model were transferred to a local model No. 1 to
perform simulation of rock mass stress-strain state change during the construction of part of the
tunnel No. 1, as well as determination of displacements at nodal points, corresponding to the
rock contour line. Since in the problem under consideration we assumed that the rock mass was
homogeneous, while the tunnel No. 1 was located at the constant depth along its length,
displacements obtained at the nodal points of the contour line of rock outcrop in the local model
No. 1 were extended to its full length. If conditions along the length of the tunnel No. 1 were
changed, then it would have been necessary to repeat this operation for local models No. 2 and
No. 3. At the second stage, displacements of rock outcrop contour line obtained in the local
model No. 1 were transferred into the corresponding nodal points of the global model and were
set as forced displacements. This allowed obtaining stresses redistribution along the length of
the tunnel No. 1 in the global model, as well as determine the deformations of the earth surface
caused by construction process. At the third stage, stresses obtained in the global model, after
completing the second stage were passed on as initial conditions to the local model No. 4 to
perform simulation of stress-strain state changes in the vicinity of the tunnel No. 2. Then the
procedure for the determination of displacements on the boundary of rock contour line of the
tunnel No. 2 was repeated. At the fourth stage, the procedure of updating the stress state of the
global model was carried out, as well as land-surface deformations caused by construction of
the tunnel No. 2 were determined. At the fifth stage, stresses obtained in the global model after
completing the fourth stage, were transferred to the local model No. 2 as initial values to
complete prediction of stresses in the vicinity of the tunnel No. 2, including the site of its
connection with the tunnel No. 1, which were caused by construction process. As previously,
displacements at the nodal points in the contour line of underground facility elements were
defined, in this case, for the tunnels No. 1 and No. 2. At the sixth and seventh stages, a procedure
similar to that presented in the fourth and fifth stages was carried out.

3.2. The results of land-surface deformations’ prediction obtained according to
the proposed methodology
Upon completion of the computations we obtained deformations pattern in the vicinity of each
element of the underground facility as well as the resulting pattern of land-surface deformations
(Fig. 4c, d). Comparing the results of the stresses and strains’ development in the vicinity of
rock outcrops allows talking about good qualitative and quantitative convergence of the
computation results performed according to the traditional method and the approach based on
division of the model into global and local models (Fig. 4e, f). Data on the development of landsurface deformations caused by construction of underground facility in general, and data
obtained according to two considered approaches, also show good convergence. There are
almost no differences in the obtained computation results.
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Figure 4 Division of the global model into computation sectors (a) and sectors, which are used to
build local models (b): colores show the computation sectors and the geometry of each of the local
models, as well as the development of land-surface deformations, obtained based on the traditional
approach (a) and the division into the global and local models (b); (c) and (d) correspond to diagrams
of vertical deformations’ development along the path I and path II, respectively.
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The proposed approach was used by the authors to predict the land-surface deformations
caused by construction of the stations or transfer hubs of the St. Petersburg underground system
[21; 22; 23; 24]. Predicted results have shown good convergence with the data of full-scale
measurements of the ground surface subsidence induced by tunneling.

4. DISCUSSION
The material presented in the above section allows drawing the following conclusions. It is
shown that the solution of problems related to prediction of land-surface deformations, when
constructing underground facilities of complex spatial configuration based on the use of the
traditional approach, where the computations are performed in the framework of a single model,
has no practical application at the moment. This is due to the limitation of computational
resources required for solving this class of problems at an appropriate degree of reliability in
terms of modeling the sequence of construction of underground facilities within a reasonable
period of time. A new approach, which allows predicting land-surface deformations, is based
on the use of global and local models. Land-surface deformations are predicted based on the
use of the global model, while the local models are used to predict geomechanical processes in
the vicinity of the element within underground facility. A significant reduction in
dimensionality of the local numerical model with respect to the global model allows improving
modeling accuracy of geomechanical processes’ development in the vicinity of concerned
element in underground facility in the course of its construction. There is two-way
communication between local models and the global model, where the global model
accumulates changes in the stress-strain state of rock mass in general in the vicinity of the
underground facility, which is transferred as initial conditions from the global model to the
local one, while the results of the displacements of rock outcrop contour line, obtained on the
basis of modeling of geomechanical processes using local models, are transferred in the form
of forced displacements to the global model. This procedure results in updating the stress state
in the global model. The proposed approach, based on the division into global and local models,
has been validated in terms of particular computations, which have shown good convergence
between the results of the geomechanical processes’ development in the vicinity of rock
outcrops and land-surface deformations, obtained in accordance with the traditional approach,
which has been extended in the present work.
Testing is performed based on solutions obtained for a spatial formulation. Bed rock
deformation is based on an elastoplastic model. The task, the solution of which has been
obtained in spatial formulation, included several construction stages of underground facility.
Thus, the verification of the proposed approach is made with all main features, necessary for
reliable modeling of geomechanical processes.

5. CONCLUSION
Presented computation results allowing prediction of geomechanical processes’ development
in a spatial formulation based on the division into global and local models and their comparison
with the computations, performed on the basis of the traditional approach, allow suggesting that
the reliability of the results obtained based on the use of global and local models, is quite high.
This approach allows both assessing the development of deformations in the vicinity of rock
outcrops, and predicting land-surface deformations. Unlike the traditional approach, the
approach proposed in the present article allows considering the construction of underground
facilities of complex spatial configuration without significantly simplifying the modeling of the
sequence of their construction, including, if necessary, the development of a cross-section of
the element inside underground facility at several stages, and the input at a certain time of
auxiliary support and permanent lining into the work.
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