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Abstract

The paper presents a numerical analysis of the effect of taking into account the stages of construction on
the stress-strain state of a tee joint interacting with a soil array. The study of such systems is in demand
by modern practice. For example, during the construction of the subway, there is always a need for tunnel
connection structures that ensure the functioning of the main tunnels and stations. Calculated cases with
a different number of stages of construction (0, 1, 2, 4, 8 and 40) tee connection have been compiled and
the results were obtained. It is established that the correct accounting of successive stages of construction
plays a key role in correct determining the stress-strain state of the shell-ground systems.
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Introduction

Modern megacities are facing a growing need for the development of transport
infrastructure, and underground construction, in particular the laying of subway tunnels, is
becoming a key solution to the problem of congestion in road networks. In recent decades,
subways have become widespread around the world, from historic systems in London, Moscow
and New York to modern high-tech lines in Shanghai, Dubai and Singapore. In conditions
of dense urban development and limited underground space, tunnels are increasingly laid
at different levels, which lead to their intersections, including orthogonal ones [1-4]. Such
engineering solutions require a thorough analysis of the stress-strain state of the soil mass
and structures, since the interaction of tunnels can significantly affect their stability and
operational safety. Taking into account the stages of construction is particularly difficult, since
successive tunnelling leads to a redistribution of stresses in the surrounding array. Incorrect
strain-stress state assessment can cause unacceptable deformations, damage to the lining,
or even emergency situations. In this regard, numerical modelling, in particular the finite
element method (FEM), is becoming an indispensable tool for predicting the behavior of
underground structures at all stages of construction.

The practical implementation of numerical modelling of intersecting tunnels in design
practice faces a number of serious challenges. The main problem is the need for detailed
consideration of all construction stages, which requires the creation of complex three-
dimensional models with step-by-step analysis of each tunnelling phase. This leads to a
significant increase in computational resources and calculation time, which in conditions
of limited design deadlines often becomes a crucial factor. The financial consequences of
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implementing such an approach in routine design practice include
not only direct costs for high-performance computing equipment
and specialized software, but also the need to train qualified
specialists. However, ignoring the construction phases can lead to
significantly more serious financial losses.

Existing approaches to designing intersecting tunnels, based
on simplified analytical methods or two-dimensional modelling of
individual sections, are often unable to fully consider the complex
spatial interaction of structures.

In this study the model of orthogonally intersecting cylindrical
shells interacting with the surrounding base is developed, taking
into account the above features, which provides a new level of
computational justification of such systems.

Materials and Methodology

The numerical analysis was performed in the ANSYS Mechanical
software package [5-9], which allows calculating the static stress-
strain state of arbitrary combined spatial structures, taking into
account the effects of physical, geometric, contact and genetic
(stages of construction and loading) nonlinearities based on the
finite element method. To verify the results and obtain a more
detailed picture, Midas GTS NX software [10] was also used, which
specializes in the numerical simulation of geotechnical problems.
Geometrically, the calculation schemes in both software packages
are identical, but Midas provides a much more extensive set of
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available tools for generating mesh sets, adjusting construction
stage sequence, specifying shell-ground friction and solver settings.

The spatial calculation model consists of orthogonally
intersecting cylindrical shells (a tee joint) and a surrounding soil
array. The main cylindrical shell has diameter D, = 5.50m and
thickness t, = 0.25m; the adjacent shell has diameter D, = 3.85m and
thickness t, = 0.20m. The shell material is given by an ideally elastic
material with properties closed to concrete: elastic modulus E =
30,000MPa, Poisson’s ratio p=0.2, density p=2300 kg/m?3. The soil
material is given by the elastic-plastic Mohr - Coulomb model (O.
Mohr, C. A. Coulomb) with the following parameters: deformation
modulus Egr=30MPa, transverse deformation coefficient pgr=0.3,
density pgr = 2000kg/m?, adhesion C = 10kPa, internal friction
angle @=25°.

Boundary conditions are set for the lower and lateral surfaces
of the soil array and the edges of the tee joint, which ensure
geometric immutability and correct operation of the system under
consideration. The load is applied to the structures only from self-
weight.

The node of orthogonally intersecting cylindrical shells is
located at a depth of 30m from the upper surface. The sizes of the
soil array are selected from the condition of boundary condition
non-influence on of the stress-strain state and 5 diameters of the
large shell to the left and right borders are assumed. Figure 1 shows
a general view of the calculation model and a view of the tee joint.

Figure 1: General view of the calculation model (left) and view of the tee connection (right).

When solving the problem with ANSYS, contact nonlinearity is
taken into account [11]. The contact between the structures and
soil is made using contact pairs located on the outside of the tee
joint and on the surrounding array. The contact area before solving
the problem is unknown. Depending on loads, material properties,
boundary conditions and other factors, surfaces can come into
contact with each other and quit it. The calculation of contact
interaction was performed using the penalty method, which is
implemented in the ANSYS Mechanical software package [2,12]. In

these calculation models, the possibility of the tee joint detaching
from the surrounding base is taken into account, but contact
friction between objects is not considered.

Calculated cases were compiled without stages and with 1,
2, 4, 8 stages of the construction of the tee joint. In each case, an
additional one zero stage was assigned to determine the initial
conditions of the whole system. The main cylindrical shell D, was
activated first; the adjacent shell of D, was activated second.
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As noted earlier, Midas GTS NX has a much broader
functionality for the approach to solving this problem, since it is
a specialized software package for solving geotechnical tasks. The
tunnels are modelled using shell elements and “extracted” from
the surrounding soil mass, which allows for the implementation of
node-to-node contact interaction. For this purpose, a homogeneous
element of the “interface” type was used, which simulates the
interface behavior between ground and structure having large
relative stiffness difference.

A different approach to modelling has been adopted: to obtain
a more detailed picture, two different stage analyses have been
implemented.

For the lining stress state, zero stage was used to set up
initial stress distribution in the soil array; the installation of the
main shell was divided into 20 stages, at each of which the soil
was simultaneously removed and the tunnel lining was installed
at a depth of 2 meters. Then part of the main shell in the area of
abutment was removed and another 19 stages were allocated for
the construction of the adjacent shell with a 1.5meter pitch. At
the last stage, the interface elements between the lining and the
soil were activated, thus, the calculation is presented in 40 stages,
taking into account the initial conditions, at which the initial stress
state is set; the primary soil array and displacements are reset.

To determine the surface settlement values, a previously
well-proven approach [13] is used, in which “contraction” load is
applied. This tool is a percentage reduction in the length of the shell
along the perimeter, which obviously distorts the stress state of the
tunnel lining and cannot be used in strength calculations. But this
approach allows one to model the soil volume lost, which inevitably
occurs during the construction of tunnels using the shield method
and is the main cause of deformation of the ground surface. In this
second stage analysis case, “contraction” load is applied to the shell
of the main tunnel after its complete construction, and then the
stages follow without changes.

In order to find the optimal combination of solver settings, 3
calculation cases were formed and calculated, which differ from
each other by activating/deactivating K condition and geometric
nonlinearity.

The K, method uses the constant to calculate the horizontal
stress from the vertical stress to set it as the in-situ stress:
o
Ky=—" ()
O-U

Using this method, the vertical stress needs to be found first
using self-weight analysis and that value can be used to compute
the horizontal stress. Here, the shear stress maintains its value,
calculated from the analysis result. If the ground surface is
horizontal, there are no problems in using this method, but if not,
the calculated stress state and self-weight is not in equilibrium.

If the stress is adjusted without maintaining the equilibrium
state, the stress can change to fit the equilibrium with the external

force in future stress analysis, even if there are no external force
changes, causing deformation. Hence, the method can be applied if
the additional stress changes are relatively small.

If the K, condition is not activated, then the gravity loading
method is applied by default and the KO value is equal to:

K=+
l—p

In this case the stress state obtained from the self-weight
analysis is set as the in-situ stress. More reasonable behavior of the
structure can be obtained considering geometric nonlinear effect.
This can be useful in the presence of large deformations or load
nonlinearity which is reflecting the effects of follower loads, where
the load direction changes with the deformation.

Considering the above, depending on the combinations of
activated solver settings, 3 calculation cases (Table 1) have been
compiled, each of which has 2 stage analyses to determine the
stress state of the tunnel lining and ground surface settlement.

Table 1: Three calculation cases with different solver
settings.

K, condition Geometric nonlinearity

Case 1 - -
Case 2 + -
Case 3 + +

In order to verify the numerical simulations results, the
diagram of ground surface settlement was obtained analytically
using the Park solution for deep tunnels [14]. In polar coordinates
the displacements have form:

1.5a,

u, = 3)

E r
Hy=0 (4
Ground surface settlements can be expressed as:
®)

where E is Young’s modulus, r and 6 are the polar coordinates
(Figure 2), y is the unit weight, a is the tunnel radius, a is the

. 1.
M. =, sin@—p,cosl :_?5&

coefficient depending on boundary conditions (Figure 3).

Figure 2: Accepted calculation scheme in polar
coordinates system.
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Figure 3: Boundary conditions of prescribed displacements BC-1 (left) and BC-2 (right).

Prescribed displacements have taken with two kinds of
boundary conditions (BC-1 and BC-2), which are described by
formulas:

BC-1:p(r=a)=—u, (6)
BC-2:p(r=a)=—p,(1+sin8) (7)

The value u;=0.5g and g=gap parameter estimated by following

120,0

No stages
L ]
100,0

80,0

60,0

von Mises stress (max), MPa

40,0

20,0

0,0

the procedure suggested by Lee [15].
Results

Based on the calculations, a comparative analysis of the
maximum equivalentvon Mises stresses in orthogonally intersecting
cylindrical shells were carried out. The curves of stress changes in
the shell depending on the number of stages in the design case are
shown in Figure 4, which are obtained by ANSYS software.

Constructionstage, Ne

0 1 2 3
—8—No stages

1 stage

4 5 6 T 8

—e— 2 stages —e—4 stages —e—8 stages

Figure 4: Maximum equivalent stresses (von Mises) in orthogonally intersecting cylindrical shells [9].

Additionally, a marker on the graph indicates the maximum
equivalent stress value in the tee connection without taking into
account the stages of construction.

According to the results, it can be seen that the construction
stage calculation gives a significant change in the values of the von
Mises stresses in the tee joint compared with the calculated case
without taking the stages into account. In the case of 8 stages of
construction, the maximum equivalent von Mises stress in the shell

is 75.2MPa, while without considering the stages, the maximum
equivalent stress in the shell is 105.6MPa.

The von Mises stresses o, [17-20] are determined by the
formula:

O-e:\/%[(01_0-2)2-'-(0-2_03)2+(O-3_O-1)2] (8)

where ¢, 0,, 0, are the principal stresses.
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The distribution of the shell stresses in the case of 8 stages occur at the linking of the shells.
of construction is shown in Figure 5. The maximum stress values

A: Statie Structural A: Static Structural

Equivalent Stress Equralent Streis
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Figure 5: Distributions of maximum equivalent stresses (von Mises) in the body of cylindrical shells (the connection
of shells is shown on the right) [9].
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Figure 6: Maximum equivalent stresses (von Mises) with 40 construction stages.

The results of the analysis of the same calculation scheme in  (CASE 3). The values of maximum equivalent von Mises stress for
Midas GTS NX software are shown in Figure 6. each case are 72.0, 70.3 and 75.9MPa, respectively.

The solver settings are selected as indicated above (Table The distribution of the shell maximum equivalent stresses
1): without taking into account geometric nonlinearity with in the case of 40 stages of construction is shown in Figure 7. The
deactivated (CASE 1) and activated (CASE 2) condition KO; taking maximum stress values occur at the linking of the shells.
into account geometric nonlinearity and activated condition KO
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Figure 7: Distributions of maximum equivalent stresses in the shells at the construction stage No39.

To determine the amount of ground surface settlement, the tool
“contraction load” is used, which is set as a uniform shrinking of a
cylindrical shell with a decrease in radial length. It is important to
note that the stress-strain state of the shell is distorted in this case,
since in reality there is no such load, but this approach allows one
to simulate the soil volume lost arising because of the gap between
the outer shell of the tunnel boring machine shield and the tunnel
lining structure [13]. Thus, the calculation of surface settlement is
carried out by analogy with the calculation of the stress state of the
lining, with the only difference that at the end of the construction

of the main shell (stage 20), an additional contraction load is set on
the shell.

Then, analytical solution of Park [14] for deep tunnels with
two types of boundary conditions is used as a verification of the
numerical simulation. The results for two flat calculation schemes
of the main and secondary shells are sequentially obtained, the
results are summarized and the diagram of the ground surface
settlements above the axis of the main tunnel is plotted. The results
are presented in Figure 8.
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Figure 8: Diagrams of ground surface settlements.

According to the numerical simulation models, the maximum
settlement value is located directly above the junction point of the
shells: CASE 1 -0.00515m; CASE 2 - 0.00759m; CASE 3 -0.00770m.
The analytical solution gives different values of precipitation
depending on the boundary conditions: BC-1 - 0.00408m; BC-2 -
0.00818m.

Discussion

The effect of taking into account construction sequence of a tee
joint on its stress-strain state is considered. The results obtained
in ANSYS indicate that in the case of 8 stages of construction, the
maximum equivalent von Mises stress in the shell was 75.2MPa,
while without taking into account the stages, the stress was
105.6MPa. Then detailed calculation was performed in Midas GTS
NX, the number of stages was increased to 40 in three different
cases of different combinations of solver settings and maximum
values of 72.0, 70.3 and 75.9MPa were obtained in cases 1, 2 and
3 respectively.

It follows from Figure 4 that with 8 stages taken into account,
the maximum stress value is reached at stages 5-6 with subsequent
unloading. This feature is obviously confirmed by the calculation
with 40 stages. At the end of the construction of the main shell
(stage 20), a part of it is dismantled for the construction of the
secondary shell, and at this moment there is a sharp increase in
the maximum values of von Mises stresses, which reaches a peak
at stage 23 (Figure 6). Further, as the construction of the shell
continues, unloading occurs and the stresses decrease. This pattern
is well observed for all calculated cases with any combination of
solver settings.

As for the calculated cases themselves, it should be noted that
the activation/deactivation of the K; condition plays a key role in
determining the stress-strain state of the entire system. Figure
6 shows that, depending on the chosen method of setting the

initial horizontal stresses (K, or gravitational loading method),
the distribution of maximum stresses in the shell changes (stages
0-20). When the maximum value is reached (stage 23), further
stress redistribution is determined by the option of activating/
deactivating geometric nonlinearity.

It can be seen from Figure 8 that the value of surface
settlement also varies with changes in the solver settings. The
difference between cases with the activated/deactivated geometric
nonlinearity option is minimal. In addition, it is worth noting the
solutions obtained analytically, according to which the settlement
is the largest or the smallest, depending on the initial boundary
conditions. These two values are the boundaries of the interval
within which all numerical solutions are obtained. Thus, the Park
solution can be a useful verification tool when designing real
engineering projects.

In Midas, friction was set using shell interface elements with
a stress reduction factor. In each of 3 cases, these elements were
activated after the construction of both shells and changed the
stresses and displacements by hundredths of a percent. Thus,
friction does not play an important role in this particular task and
can be ignored.

For practical calculations of spatial schemes, it can be
recommended to activate the K condition because of the better
convergence of the solution. Although the stress values are
redistributed several times, the absolute maximum value of the von
Mises stresses in the shell are obtained precisely by using the KO
condition, what can be critical when performing structural strength
calculations. The situation is more complicated with geometric
nonlinearity: although both stresses and surface settlements are
greater when this option is activated, such a calculation requires
much more computing resources and time; in this case, the choice
should be made based on deadlines and available hardware.
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The results obtained showed that taking into account the
sequence of construction significantly affects the stress-strain state
of orthogonally intersecting cylindrical shells and the surrounding
soil array. The prospects for further research are related to the use
of nonlinear shell materials [8,21-25] and various options for the
contact interaction of the shell and the soil.

In the future, it is planned to expand loading scenarios by
considering various operational and installation loads, enhancing
the practical value of the results. Operational loads should include
dynamic effects from train movement, thermal loads, changes in
groundwater level, and seismic loads. Installation loads include
impacts from construction equipment, temporary structures, and
technological breaks in construction. This approach will allow
obtaining a more complete picture of the stress-strain state of the
system and developing well-substantiated recommendations for
designing real objects.

In addition, analysis of model sensitivity to such parameters
as soil properties, shell parameters, and variations in construction
sequence will be considered. Parametric analysis of shell thickness
will allow determining optimal structural solutions taking into
account economic efficiency while ensuring the required level of
safety.
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