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A well-developed transportation system ensures economic growth in most countries. Improving its quality through the construction of tunnels is
one of the most common practices in many countries of the world. The length of tunnels increases significantly, they are combined into a developed
network, so there is a need to increase traffic capacity. To meet the growing demand for transportation, tunnels occupy an increasingly large area and
the number of lines is growing. Usually, the circular shape of the tunnel section is used in the construction of deep-level tunnels. Currently, it is the
most common in the world due to the development of shield tunneling and significant supporting strength of the tunnel lining in comparison with
other cross-sectional shapes. However, the efficiency ratio of the section remains small; the rectangular shape of the section shows to good advantage
by this indicator. The authors of this work have combined the advantages of circular and rectangular shapes of the tunnel section into a new form -
quasi-rectangular.

The aim of the paper is to study the operation of the lining of a quasi-rectangular tunnel. The study of the stress state of the lining was performed on
the basis of numerical simulation using the Plaxis 2D software package.

Results show that the flexure moment and normal forces in the lining of the quasi-rectangular tunnel are respectively 6.5 and 1.023 times higher
than when using the circular cross-sectional shape, however, taking into account the traditionally used thicknesses of the lining, the quasi-rectangular
tunnel lining remains stable. With the same safety margin of structures, the area of a circular tunnel should be 1.25 times larger compared to a qua-
si-rectangular tunnel.

Keywords: tunnel; curvilinear cross section, optimization, lining, stress state, pattern of interaction.

Nowadays, the most common form of cross-section of urban transport tunnels is circular. Due to the circular shape of
the tunnel, its lining has the greatest supporting strength. The construction of such tunnels is carried out using tunnel boring
machines by the earth pressure balanced tunneling method or without it. The circular cross-section shape of the tunnel is also used
for double-track tunnels, the diameter of which is significant and usually exceeds 10 m. At the same time, the construction cost of
a double-track tunnel is less than the construction of two single-track tunnels. In addition, the cost of a double-track tunnel can be
further reduced in comparison with two single-track tunnels by changing its shape from circular to elliptical, horseshoe-shaped or
rectangular (Fig. 1) [1]. The disadvantage of the circular shape of tunnels is the low efficiency ratio of the cross-sectional area. Thus,
the tunnel has a large cross-sectional area, which ultimately increases the cost of construction. Meanwhile, although the approxima-
tion of the cross-sectional shape to a rectangular one allows more efficient use of its area, the drawback of this approach is the increase
in stress concentration in the corner zones of the tunnel lining. Therefore, the intermediate shape between the circle and the rectangle
will allow both to increase the efficiency ratio of the cross section in comparison with the tunnel of circular shape, and to reduce stress
concentration in the corner sections of the lining, which ultimately will reduce the cost of construction.

Currently, the existing tunneling equipment and the adopted construction technology make it possible to efficiently build
tunnels not only of circular shape, but also of a more complex one, to design various cross-sectional shapes of the tunnels. Thus,
the search for the optimal shape of the cross section of the tunnel, on the one hand, is not limited by the technological capabilities
of construction using tunneling machines, and on the other hand, it is promising from the point of view of reducing the cost of
tunnels construction. The works [3, 4] present the experience of construction of tunnels of curvilinear shape.

1. Methods and methodology of work

1.1. Technology of construction with the help of the tunnel boring machine

The tunnel boring machines allowing construction of tunnels, the cross-section shape of which differs from the circular
shape, have been tested to a sufficient degree at underground construction facilities in Japan and China (Fig. 2) [5, 6]. For exam-
ple, the tunnel boring machine was used for the Fukutoshin underground line in Tokyo enabling to form an oval-shaped cross
section of the tunnel. The length of the Baicheng underground line in China is 3.345 km. It was built using the tunnel boring
machine, which allows you to construct domed shaped and horseshoe-shaped tunnels.

The curvilinear cross-section shape of the tunnels (Fig. 3, b) is often used for double-track tunnels due to the following
advantages: it allows you to reduce the width and height of the section; the efficiency ratio of the cross-sectional area increases.
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Figure 1. Comparison between circular and rectangular shapes [2].
PucyHok 1. CpaBHeHue mexay KpyroBon u npsimoyronbHon copmamm [2].

Figure 2. Designs of tunnel boring machines for tunnels of curvilinear shape [7].
PucyHok 2. KoHCTpyKUMM LUIMTOBBLIX KOMIMIIEKCOB AJ1s1 TOHHENeN KPMBONMUHEWHOTO oYepTaHus [7].

Figure 3. The tunnel of circular cross section (a), curvilinear cross section (b) and the diagram for determining the shape and size of
the curvilinear section of the tunnel (c).

PucyHok 3. ToHHenb KpyroBoro nonepeyHoro ceYeHus (a), KPBONMMHENHOro NonepeyHoro cevyeHus (6) n guarpamma onpeneneHus
hopMbI M pa3mepoB KPMBOIMHENHOTO CEYEHUA TOHHeNS (B).
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Tunnels with a complex cross-sectional shape have a significant drawback, the supporting strength of the lining of such tunnels,
ceteris paribus, is lower than in tunnels of circular shape (Fig. 3, a). However, this disadvantage can be overcome through the
development of more advanced building materials, including fiber reinforced shotcrete, and due to the rational choice of the cur-
vilinear outline of the lining as well [8-10].

The work considers a tunnel of curvilinear cross-section, the construction of which is conducted from 8 centers — from O,
to O,. Internal dimensions are determined by the shape of the rectangular construction clearance, which is set based on the re-
quirements of regulatory documents. The construction is done as follows. The first step is to select the location of the O, center.
Then a circle with radius R, = O,A is drawn. O,A| and O,A, are drawn through points A, and A;O, and O, are marked at the
intersection with OX and OY axes. Finally, circles with radius R, = O,A and R, = O A, are constructed (Fig. 3, c). The resulting
construction must be mirrored to the remaining three quarters. Fixed values of geometric parameters of the tunnel are accepted
in the work but an algorithm is being developed to optimize the geometric parameters of the adopted shape of the cross section of
the tunnel, which will determine their most rational parameters based on the stress factor of the tunnel lining, taking into account
the specified efficiency ratio of the tunnel section. The optimization algorithm will be based on the solution of the problem by the
HRM method [11]. Testing of the stress condition of the tunnel lining will be carried out on the basis of solving the problem of
mechanics of underground structures based on the scheme of joint interaction “lining-soil mass” The statement of the problem of
determining the stress state of the lining according to the joint interaction scheme is presented in the next section.

1.2. Building a numerical model for forecasting the development of lining strain-stress state during the construction
of a tunnel of curvilinear shape

The work considers the forecast of the development of the stress-strain state of the tunnel lining of curvilinear cross-section
and compares it with the stress state of the lining of a circular shape. The depth of the tunnel is assumed to be 10 m, the ground-
water level is 0.5 from the surface of the earth. The construction of the tunnel is carried out by the tunnel boring machine with
the construction of a prefabricated lining in the tail section, under the protection of the shield shell. The parameters of the cross
section of the tunnel of curvilinear cross section and the main parameters of the lining are given below.

Calculation of the stress state of the lining according to the interaction scheme enables to present the nature of transmission
of loads from the rock mass to the lining of the tunnel as a result of their joint interaction. When considering a tunnel with curvi-
linear cross-section, both quasi-analytical methods (N. N. Fotieva) and numerical methods of analysis can be used for calculation
using the joint interaction scheme [12]. The latter have advantages due to the possibility of specifying undirected boundary con-
ditions, as well as taking into account nonlinear deformation of the soil mass in explicit form by defining an elastic-plastic model
of the environment [13] or models based on the theory of the modified theory of deformation plasticity (Hypoplasticity) [14].
The hardening soil model is adopted as a model of deformation of the soil mass, which was widely used in solving the problems
of forecasting the load on the lining of underground structures[15], as well as the prediction of subsidence of the earth’s surface

Parameters of the finite element scheme.
MapameTpbl KOHEYHO-3NIEMEHTHOW MOoAenu.

LAV To 1 T =00 o PSS UPRR OO RO PRRRRR 9.70
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Ry e 5.35
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Physico-mechanical characteristics of the soil and lining material.
Du3nkKo-mexaHUYeCKMe xapakTepMCcTUKM rPyHTa n maTtepuana odaenkm.

Parameter Concrete Soil
Specific weight v, KN/m® ... 24 19.5
Effective cohesion s, KN/m?............... - 7
Effective angle of internal friction @, deg .................... - 20.5
Angle of dilatancy W, deg .........c.cccoiiiiiiiiii, - 4.81
PoisSSON'S ratio V ......oviiii i 0.15 0.35
Modulus of deformation E, MPa ...................ceeenin. 35000 -
Modulus of deformation E;f, MPa ..ooiiiiiiiiiiee - 32.5
. ref - 325
Modulus of deformation E__,,MPa .........................
Modulus of volume elasticity Ef, MPa ...ooiiiiii - 97.5
Indicator M ... - 0.5
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Figure 4. The finite element scheme for predicting the development of a stress-strain state in a tunnel lining.
PucyHok 4. KoHeuHo-aneMeHTHasi Moaenb nNporHo3a pa3sutua HAOC B o6aenke ToHHens.

[16, 17]. The model is a class of models with double hardening, where the shearing plastic deformations and volumetric plastic
deformations meet the corresponding surface of plastic currents and plastic potential.

The surfaces of the plastic flow are not fixed in the space of main stress but can expand isotopically, which allows modeling
both mobilization of soil strength and plastic volumetric contraction. This generally allows the model to be applied in a wide
range of changes in the mechanical behavior of sandy and clay soils.

When performing numerical simulation, the computational space was divided into triangular 15-node elements (Fig. 4). Rod
elements are used for modeling the tunnel. Numerical model size: width is 100 m, height is 50 m; model consists of approximately
6680 elements. Displacements along the bottom boundary of the model are not allowed in both directions; displacements in the
horizontal direction are not allowed along lateral boundaries of the model. The problem was solved in gravitational setting.

Physico-mechanical characteristics of soils and lining of the tunnel are given in table below.

In order to compare the distribution of internal forces in the lining of the tunnel with curvilinear cross-section and the lining of a
circular tunnel, two numerical models were constructed where the lining of the tunnel is located under similar conditions, the cross-sec-
tional area of which is equal to each other S = 59.7 m? while the equivalent diameter of the circular shape tunnel R was 4.36 m.

2. Analysis of the development of the stress-strain state of the prefabricated lining of the curvilinear tunnel

The results obtained on the basis of numerical calculations performed on the Plaxis software package show (Fig. 5) that the
largest moment in the lining of a tunnel of a quasi-rectangular shape is 0.4916 (MN x m)/m compared to 0.0755 (MN x m)/m in
the lining of the tunnel of a circular cross section. The maximum longitudinal force is 1.139 MN/m and 1.113 MN/m, respectively.
The results show that the internal force in the lining of the tunnel with a curvilinear cross-section shape is greater than in the lin-
ing of the tunnel with a circular cross-section by about 1.023 times, the bending moment is 6.5 times. The performed assessment
of the lining strength allows us to say that the supporting strength of the lining of the tunnel of curvilinear cross-section is still
provided, however, it is necessary to increase the percentage of reinforcement of its section. The useful cross-sectional area of the
curvilinear tunnel is 1.25 times larger than the circular shape tunnel.

To estimate the influence of the lateral pressure coeflicient on the strain-stress state of the lining of the tunnel of curvilinear
cross-section, a number of calculations were performed where the parameter K (coefficient of passive earth pressure) varied
from 0.25 to 1.0. The calculation results are presented in the form of diagrams of flexures moments and normal forces (Fig. 6).
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Figure 5. Bending-moment diagram (a) and normal force diagram (b) in a prefabricated tunnel lining for quasi-rectangular and circular
shapes (the angle is measured counterclockwise on the right axis).

PucyHok 5. Ontopbl nsrnbarowiero MomeHTa (a) U npoAonbLHOU cunbl (6) B cOopHoi o6aernke TOHHeNen AN KBa3MnpsMOYronbHOW 1
Kpyrnon dopm (yron usamepsieTcsi npoTMB YacoBOM CTPESIKU MO OCU cnpaBa).
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The results showed that when changing the coefficient of passive earth pressure K from 0.25 to 1.0, the normal force in the sides
of the prefabricated lining of tunnels of various shapes did not change significantly, but the normal force in the section from the
sides to the arch of the prefabricated lining tunnels increase with increasing coeflicient of passive earth pressure. The magnitude
of the flexure moment (in absolute value) in the prefabricated tunnel lining decreases with increasing coeflicient of passive earth
pressure. The results show that the maximum flexure moments between the circular and curvilinear cross section of the tunnel
have a large difference, while the gap between normal forces is insignificant.

To estimate the influence of the deformation characteristics of the soil mass on the strain-stress state lining of the tunnel of
curvilinear cross section, a number of calculations were performed, where the parameter E;Zf , varied from 5 MPa to 75 MPa. The
results show that the flexure moment in the lining of the tunnel decreases with increasing deformation modulus E. In this case,
the maximum normal force decreases slightly. The maximum flexure moment is 0.781 (MN x m)/m and 0.376 (MN x m)/m, the
maximum normal forces are 1.199 MN/m and 1.120 MN/m, the corresponding deformation modulus E is 5 MPa and 75 MPa. For
both circular and quasi-rectangular tunnel shapes, it can be noted that as the deformation module increases, bending moments
and normal forces decrease.

In order to estimate the influence of soil mass cohesion on the strain-stress state lining of the tunnel of curvilinear cross section,
a number of calculations were performed, where the parameter C varied from 0 kPa to 300 kPa. The results show that the amount
of soil mass cohesion does not significantly affect the maximum bending moment and maximum normal force. These results also
correspond to the results of M. Palassi [15], who studied the formation of a stress state in the lining of a circular-shaped tunnel.

4. Conclusions

The performed studies allow us to draw the following conclusions:

— during the construction of tunnels under similar conditions, the internal forces induced in lining a tunnel with a circular
cross section is lower than in a tunnel with a curvilinear cross section; while the normal forces differ slightly, and bending mo-
ments differ by more than 6 times, the tunnel shape has a greater influence on the bending moments than on the normal forces;

— the tunnel with curvilinear cross-section shape has a higher cross-sectional efficiency ratio compared to a circular shape
tunnel, which can reduce the cost for construction of a tunnel with a significant length;
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Figure 6. Bending-moment diagram (a) and normal force diagram (b) in the prefabricated tunnel lining for different values of the coeffi-
cient of passive earth pressure K and the maximum bending-moment diagram (c) (M_, = | M,, M_|) and maximum normal force (g) in the
prefabricated tunnel lining for curvilinear and circular cross-sectional shape depending on the coefficient of passive earth pressure K.
PucyHok 6. dntopbl nsrnbarero MoMeHTa (a) n npogonbHon cunbl (6) B c6opHOM 06aernke TOHHeNen Ans pas3fMyHbIX 3HaYeHUn
KoachcpuumenTta 6okoBoro gasneHus K n aniopbl MakcumanbHoro usrnbatowero momenta () (M= |M,, M_|) n makcumanbHomn npo-
[oNbHON cunbl (r) B c60pHOM o6aenke TOHHeNen Ans KPUBONIMHENHOW U KPYyroBoi ¢hopMbl NONepeYyHoro ce4eHUss B 3aBUCUMOCTH OT
ko3dpcpuumeHTa 6okoBoro naeneHus K.
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Figure 7. Bending-moment diagram (a) and normal force diagram (b) in the prefabricated tunnel lining for various values of the defor-
mation modulus E and diagrams of the maximum bending moment (c) and maximum normal force (d) in the prefabricated tunnel lining
for curvilinear and circular shapes depending on the deformation module E.

PucyHok 7. Ontopbl nsrnbatrowero MomeHTa (a) M npoaonbHou cunbl (6) B c6opHO o6aenke TOHHeNen Ans pasnuyHbIX 3Ha4YeHU Moay-
nsa aecopmaumm E v anopbl MakCMManbHOro U3rmbarolero MoOMeHTa (B) U1 MakCMMaribHOM NPOAOSIbHOM cunbl (r) B c6opHOM o6aenke
TOHHernen Ans KPUBONIMHEMHON U Kpyrnol hopm B 3aBUCUMOCTU OT Moayns Aecdopmaumu E.

- the advanced tunnel boring machine can be designed for various cross-sectional shapes and for curvilinear cross-section
as well, so the equipment for the construction of such tunnels is not a limiting factor;
—the search for a more optimal shape of tunnels of curvilinear shape for specific engineering and geological conditions will

reduce stress in the lining.
Further research will be aimed at developing an algorithm for optimizing the parameters of a quasi-rectangular cross-section,
providing optimal tunnel curvature parameters from the point of view of the development of the strain-stress state in the lining.
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OBGLEAVHSIIOTCST B PA3BUTYIO CETb, MOSIBASIETCS HEOOXOAMMOCTL YBEAVHEHMs! MPOIYCKHOM CMOCOBHOCTH. YTOObI YAOBAETBOPMUTL PACTYIIMI CMPOC Ha
MePEBO3KN, TOHHEAM 3aHMMAIOT BCE GOABLLYIO MAOLLAAL U KOAMYECTBO AMHUM PacTeT. TPAAMLIMOHHO MPU CTPOUTEALCTBE TOHHEAEN TAYOOKOrO 3aA0XKEHMs!
MPVYMEHSIETCST KPYToBasi (DOPMAa CEYEHMsT TOHHEAS, B HACTOSILIEE BPEMS OHA SIBASIETCS] HaMOOAEE PACTIPOCTPAHEHHOM B MUPE M3-3a PA3BUTHSI WMTOBOM
MPOXOAKM TOHHEAEM U 3HAYUTEALHOM HECyle COCOBHOCTU OOAEAKM TOHHEAEN MO CPABHEHMIO C APYrMMM (POpPMamMy MOMepPeYHoro ceveHmsl. OAHAKO
KOSCPCPULIMEHT UCTIOAL3OBAHMST CEHEHMSI OCTAETCST HEGOADLIMM, MO STOMY MOKA3ATEAID BLIMIPLIBAET MPSIMOYTOAbHAsI (hopma cedeHust. ABTOPLI PaboTb
OGLEAVHVAM MPEVMYLLIECTBA KPYTOBOM M MPSIMOYTOALHOW (POPM CEUYEHMsl TOHHEAS! B HOBYIO (POPMY — KBA3UIMPSIMOYrOALHYIO. LIEAbIO CTaTby sIBASIETCS
n3ydeHme PaboTbi OBAEAKM TOHHEAS KBA3UMPSIMOYTOALHO (hopMbl. M3ydeHue HAMPsKEHHOTO COCTOSIHUSI OBAEAKM BLIMOAHEHO HA OCHOBAHMM YMCAEHHOTO
MOAEAVMPOBAHMSI C WCMOAL3OBAHMEM MPOTPAMMHOTO Komriaekca Plaxis 2D. Pe3yAsTatbl MOAEAMPOBAHMSI MOKA3bIBAIOT, YTO M3rMOAloWmMii MOMEHT U
HOPMAaAbHLIE CUALI B OBGAEAKE TOHHEASI KBA3UMPSIMOYTOALHOM (DOPMbI OKA3LIBAIOTCSI COOTBETCTBEHHO B 6,5 1 1,023 pasa Buie, YeM Mpy UCTIOAL3OBAHUM
KPYTOBOV (POPMbI CEHEHMSI, OAHAKO C YHETOM TPAAULIMOHHO MPUMEHSIEMbIX TOALMH OOAEAOK OOAEAKA TOHHEAS! KBA3UMPSIMOYTOALHOM (hOPMbI COXPaHsiET
ycTonumBoCTb. Ipy Tom ske rabapute MPUOAVDKEHMSI CTPOEHMM MAOWAAL KPYTAOTO TOHHEAsl AOAKHA ObiTh B 1,25 pasa GOAbli€ MO CPABHEHMIO C
KBa3UMPSIMOYTOALHLIM TOHHEAEM.

KaroueBbie cAOBa: TOHHEAD; KleBOI\l/IHeVIHOE nonepevyHoe ce4yeHme; onTmmm3aaums; O6Ae/\Ka; HarnpspKeHHOE COCTOSIHUE; CXEMa B3aMMOAENCTBUSI.
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