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Statement of the problem. The study seeks to identify the effect of taking into account changes in the
computational model over time on the stress-strain of the cylindrical shell and soil using finite ele-
ments methods. Six calculated cases with a varying number of calculated stages were compiled. The in-
teraction of the cylindrical shell and the soil is implemented through contact pairs. Also, a calculation
model is made taking into account the coefficient of friction between the cylindrical shell and the soil.
The calculations were performed taking into account geometric, physical and contact nonlinearities.
Results. The results of the calculations are presented in the form of diagrams of Mises stresses
in the body of a cylindrical shell. The Mises stress distribution in some rings of the cylindrical
shell is presented. The Mises stresses are also compared for two computational models: with and
without considering the friction coefficient between the shell and the soil.

Conclusions. The obtained results showed that changes in the computational model over time sig-
nificantly affect the stress-strain of the cylindrical shell and the soil. Based on the results of the six
calculated cases, it is recommended that 8 or more calculated stages of the shell design should be
followed in actual practical calculations. It is also found that the coefficient of friction between the

cylindrical shell and the soil significantly reduces the maximum Mises stresses in the shell body.

Keywords: construction stages, finite elements method, cylindrical shell, contact finite elements.
Introduction. The construction of transport tunnels and other artificial structures is a daun-ting

process that employs the methods of phased construction. Currently, in the construction of tun-

nels, the use of a tunneling complex fitted with an operating body for soil development is
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common. The complex starts moving soil is being developed. As soon as the complex has
done so at a distance equal to the width of the tunnel lining ring, another ring is constructed.
Thus, the cycle of work is constantly repeated: excavation — movement of the complex —
installation of the tunnel lining ring. For the construction of the lining, a special mechanism is
used, which is a block layer.

The final stress-strain following the installation of one of the tunnel lining rings is the initial
state for installing the next ring. Of particular interest is the stress-strain of the tunnel follow-
ing the construction of each individual shell rings well as the way internal forces are redis-
tributed and how large these forces are.

Modern finite-element software systems enable a numerical analysis of the stress-strain of a
structure being constructed with and without considering its stages of construction. Neverthe-
less it should be noted that the calculation models considering the stages of construction are
less commonly employed in design despite better reflecting the stress-strain of the structure.
The calculation considering the staged construction consists of a number of stages while ap-
plied loads and boundary conditions, as well as individual structural elements, can be re-
moved or added to any of the stages. Such changes in applied loads, boundary conditions or
state of elements are taken into account as each stage starts.

The authors of the article set out to perform a comparative analysis of the stress-strain of the shell
of the transport tunnel and the surrounding soil base with and without taking into account the
change in the calculation model over time by means of numerical methods. Descriptions of the
resulting computational models, conclusions and recommendations on the results are provided.

1. Calculation models of the shell interacting with the base taking into account and without
taking into account changes in the calculation model over time. Calculation models with and
without taking into account the stages of construction are designed using the ANSYS software
package. The Static Structural module of the ANSYS complex is designed to solve the problems
of mechanics of a deformable solid in a static setting. When employing command inserts in the
APDL language, the module functionality can be expanded to solve, e.g., related tasks [2].

The "birth" and "death" options of the finite elements (birth and death) of the ANSYS com-
plex enable simulation of the process of stage construction. These commands establish the
finite elements which are subject to activation and deactivation in the calculation process
based on some criterion, i. e., stress state, position in space, etc. Deactivation, or "death", of
the finite element is caused by multiplying the stiffness of the element by a small number.

The loads applied to the deactivated element are equal to zero. In addition, all the load-
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transfer mechanisms through this element are temporarily reset. Once the finite element has
been activated, its mass, load, and stiffness go back to their original values.

When modeling a phased construction of building structures, the following features should be
considered: sometimes it is necessary to fix the displacements or other degrees of freedom of
deactivated finite elements in order to avoid their excessive distortion caused by deformation
of the surrounding elements of the model or free movement. With possible activation of these
finite elements, artificial anchorage must be removed; activation and deactivation of elements
occur instantly, which is a stepwise nonlinearity (similar to the status of contact zones), which
might cause problems with the numerical convergence of the solution. This can be overcome
by reducing the number of finite elements subjected to activation and deactivation at the solu-
tion stage; when considering the results, deactivated elements should be excluded in order to
avoid unphysical values [2, 7, 8].

The calculation model includes a cylindrical shell (D = 3 m, shell thickness # = 0.3 m) and the
surrounding base. The full width and height of the calculation model is 11D. The shell is made
up of 32 individual rings 1 m wide each, the array at the installation site of the rings is also di-
vided into 32 parts prior to activating the shell ring, part of the array is deactivated which will
be replaced by the activated ring. In addition, a structural gap is set between the shell and the
array which is determined by the technology of designing the shell in the foundation [18-20].
The foundation is specified by volumetric finite elements (20 nodes in each), the shell is made
up of flat rectangular elements (4 nodes in each). The finite element grid of the calculation

model is shown in Fig. 1 (end view).
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Fig. 1. Finite-element grid of the calculation model

84



Issue Ne 4 (44), 2019 ISSN 2542-0526

As the foundation was being modeled, the Mora-Coulomb elastic-plastic model was adopted
that the traditional soil mechanics and partially rock mechanics relied on [3, 17]. As the cy-
lindrical shell was being modeled, a model of a perfectly elastic material was adopted. The

physical and mechanical characteristics of the materials are provided in Table.

Table
Physical and mechanical characteristics of materials
Deformation Poisson ) 3 Cohesion C, Angle of internal
Body ) Density, kg/m o
modulus £, MPa coefficient v kPa friction o, °©
Shell 30000 0.2 2300 - -
Foundation 10 0.3 2000 10 25

The external surfaces of the foundation and the edges of the shell are given boundary condi-
tions that ensure geometric invariability and correct operation of the calculation model. Bo-
dies are only loaded with their own weight.

When addressing the problem, the following types of nonlinearities were taken into account:
geometric, physical, and contact (status change). The geometric nonlinearity is due to the sig-
nificant displacements of the bodies of the computational model as they are being loaded
[1, 9-10, 14]. The ANSYS software package works with the following non-linearities of a ge-
ometric nature: large deflections, large deformations, changes in effective stiffness during ro-
tation and effective stiffness in bending. A mathematical model that considers large deflec-
tions and displacements is activated using the NLGEOM command.

The use of the Mohr-Coulomb elastic-plastic model for the foundation material defines the
solution of the problem in a physically nonlinear formulation. A nonlinear relationship be-
tween the stress and strain components characterizes the operation of the foundation body ma-
terial in the elastic and plastic stages of deformation. Nonlinear operation of materials can al-
so be described using other models, e.g., various types of plasticity, creep, hyperelasticity,
failure, etc. [4—6].

Contact nonlinearity is due to the interaction of the shell with the surrounding base during the
deformation of the computational model and when shell rings are added as the problem is
being solved considering the stages of shell construction. The contact is realized by contact
pairs located on the outside of the shell and on the surrounding base. The surfaces of bodies
that have entered into interaction require specific boundary conditions. Contact forces are the

result of the interaction of adjacent contact bodies. When solid bodies come into contact, the
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contact points at their interaction point move together and when solid bodies come in contact,
they slip relative to each other. Contact interaction complicates the boundary conditions for
each of the interacting bodies as the displacements of the points on the surfaces of the bodies
and stresses on the contact surface are unknown [11—16, 21].

In order to perform a study to evaluate the impact of considering the sequence of construction
on the stress-strain of the shell, six design cases were implemented. In the first design case,
33 stages were considered in order to identify the stress-strain of the model: at the first (zero)
stage, the common state of the array without a shell was determined, at the next 32 stages, the
stress-strain of the model was determined after each individual shell ring had been activated
and the corresponding part of the massive had been deactivated at the place of installation of
the ring. The second design case is made up of 17 stages since not one, but two shell rings are
activated in one single stage. Thus, by doubling the number of shell rings activated in one
stage in each design case, the design cases with 32, 16, 8, 4, 2, and 1 calculation stages were
compiled (in each case, an additional stage (zero) was assigned to determine the common
state of the massive).

Based on the calculation results, a comparative analysis of the maximum equivalent von
Mises stresses in the outer fibers for 1, 8, 16, 24, and 32 rings of the cylindrical shell is per-
formed. The stress variation curves in the shell depending on the number of stages in the cal-

culated case are shown in Fig. 2—6.
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Fig. 2. Maximum equivalent von Mises stresses in the outer shells of 01 shell ring
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Fig. 4. Maximum equivalent von Mises stresses in the outer shells of 16 shell ring

The calculation results show that considering the stages of shell construction in the calcula-
tion model causes a significant change in the von Mises stresses in the outer fibers of the cy-

lindrical shell. The von Mises stresses [1, 21] are given by the formula
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o,= %[(0'1—0'2)2+(0'2—0'3)2+(0'3—0'1)2}, (1)

where 61, 65, 63 are the main stresses.
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Fig. 6. Maximum equivalent von Mises stresses in the outer shells of 32 shell ring
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According to the above stress curves, it can be concluded that it will suffice to consider the
8 stages of the shell construction in order to identify the stress-strain of the shell, since at
16 and 32 stages there are no longer any significant changes in the magnitude of internal for-
ces. However, it should be noted that in the first and last ring at 16 and 32 stages of calcula-
tion of the stress in the shell continue to vary considerably. This is because when the first
shell ring (or the first two, or the first four rings depending on the design case) is activated, a
considerable part of the loads from the surrounding base and all the added shell rings are re-
distributed in the stages that follow. Conversely, in the case of the last ring of the shell, a con-
siderable part of the loads of the surrounding base is already redistributed to the activated
rings of the shell, thus a smaller part of the loads accounts for the last ring.

The maximum von Mises stresses occurred in the lower part of the shell and the minimum on
the sides. The stress distribution in some rings is shown in Fig. 7 (design case with 32 stages

of shell construction).
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Fig. 7. Von Mises stress distribution in the outer fibers of some shell rings

2. The calculation model of the shell interacting with the base taking into account
changes in the calculation model over time and the coefficient of friction. The following
calculation model considers the coefficient of friction f between the shell and the surrounding
base. The friction coefficient f'is accepted equal to 0.6 as the physical and mechanical proper-
ties of the base are accepted for dry soil and those of the shell for concrete [4, 6]. The influ-
ence of taking into account the coefficient of friction between the shell and the surrounding
base on the internal forces in the shell is identified by means of a comparative analysis be-
tween models consisting of 32 design stages with and without taking into account the coeffi-
cient of friction f. The von Mises stress variation curves in the outer fibers of the first shell

ring of the compared models are provided in Fig. 8.
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The stress curves show that considering the friction coefficient f significantly reduces the val-
ue of the maximum von Mises stresses in the shell (from 6, = 25.5 MPa to 6, = 16.1 MPa) as
the shell starts operating in conjunction with the surrounding base and some of the loads are
transferred to the foundation. The nature of the stress curve remains the same.
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Conclusions. A comparative analysis of the stress-strain of the shell and the surrounding base
is performed with and without taking into account the change in the calculation model over
time using the finite element method. The results suggest that considering the stages of shell
construction significantly affects the stress-strain of the shell and the surrounding base. Given
the results obtained from the six design cases, it is recommended that eight or more design
stages of the shell construction are taken in practical calculations. However, it should be
borne in mind that at the eight design stages in the first and last shell rings, the maximum
equivalent stresses will be somewhat lower and higher, respectively.

The calculation model is also analyzed considering the coefficient of friction between the
shell and the surrounding base. The calculation results showed that taking into account the
friction coefficient significantly reduces the value of the maximum von Mises stresses in the
shell. That is due to the fact that the shell starts operating in conjunction with the surrounding

base and part of the loads is transferred to the foundation.
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