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ANALYTICAL REGULARITIES OF FORCE FACTORS IN THE LINING
OF A THREE-VAULTED METRO STATION WITH VARIATION
OF THE ELASTIC RESISTANCE COEFFICIENT OF THE ROCK

Purpose. The purpose of the scientific article is to conduct a numerical analysis of pylon station models and ob-
tain force factors for its lining. Based on the obtained factors (bending moments and normal forces), it is planned to
obtain their analytical regularities for the varying elastic resistance coefficient of the rock. Methodology. The calcu-
lation scheme of the station structure should be chosen so that it corresponds to the real operating conditions of the
lining to the greatest extent, reflecting the design features, lining material, geological conditions, and the construc-
tion method. The SCAD calculation software was used to calculate the pylon-type station. Findings. The founda-
tions of mathematical modeling of a pylon station by the finite element method in a spatial setting were developed
using the modified Metrodiprotrans method (based on FEM), models calculations for pylon deep metro stations
were carried out by determining the parameters of equivalent bars in a spatial setting. Using the results of the regu-
larities between the strength coefficient and the deformation characteristics of the soil (deformation modulus and
Poisson's ratio), analytical regularities of force factors were determined for varying properties of the surrounding
massif (elastic resistance), which for moments are power nonlinear regularities, and for normal forces are linear
functions, furthermore the change in the elastic resistance coefficient with respect to the strength coefficient is a
nonlinear polynomial. Originality. The originality of the conducted research lies in obtaining analytical regularities
of force factors for varying properties of the surrounding massif based on the results of numerical analysis conduct-
ed on the basis of the finite element method using the modified Metrodiprotrans method. These regularities allow
predicting the change in bending moments and normal forces depending on the change in geological conditions at
the design stage. Practical value. The practical value of the research lies in developing the basics of the methodolo-
gy for taking into account the spatial factor in the calculations of three-vaulted metro stations. This allows for more
complete consideration of the complex irregular structure of pylon-type stations and obtaining force parameters in
its lining that are more adequate to the real situation.

Keywords: metro; pylon-type station; force factors in the lining; elastic resistance coefficient; analytical regulari-
ties

An important critical remark for the use of pla-
nar schemes when searching for force factors
(bending moments and normal forces) is that in-
creasing the complexity of the model and trans-
forming it into a spatial one is not always suitable.
However, taking into account the spatial factor in
models of irregular objects, such as three-vaulted

Introduction

The currently existing methods for calculating
the structural elements of deep three-vaulted metro
stations are based on the construction of planar
calculation schemes of the structure and the inter-
pretation of the surrounding massif with some as-

sumptions that simplify its real behavior.

pylon or column-type stations, is mandatory at this
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stage of development of calculations for under-
ground  structures (BamnikoB, Kympii, &
Botuenko, 2021; Alkhdour, Tiutkin, Bannikov, &
Heletiuk, 2023; Bauuikos, Heteca, Kympiii, &
Hy6ixunk, 2024).

It should be noted that omitting at the stage of
developing calculations of bar schemes for tunnel
structures and replacing of the interaction in the
“lining — massif” system with elastic resistance is
somewhat rashly, since bar schemes have a number
of advantages. The main advantage is the possibil-
ity of creating an engineering methodology that is
characterized by significant simplicity and algo-
rithmic qualities. Another important advantage is
that the search results are the force factors in the
lining of three-vaulted stations.

A particular point of criticism of bar schemes is
the significant simplification of the lining interac-
tion with the massif, its replacement with elastic
rods, forces, etc. This is what deserves special at-
tention, since the development of theoretical provi-
sions for the interaction in the “lining — massif”
system allows for a more reasonable use of rod
schemes in the calculation of tunnel structures.

But when using rod schemes, one should not
fall into the other extreme, that is, into simplifica-
tion, which can be introduced at all stages of model
creation. The use of the finite element method al-
lows for overcoming some of the difficulties of
creating finite element models of such complex
structures as three-vaulted stations, which are
complex structures with significant changes in
stiffness and made in the form of cylindrical shells
with cutouts, which are supported by elements of
significant stiffness (pylons or columns) (Deb,
2012; Trotekin, 2020; Feng, Tan, Ma, Zhang, Pan,
et al., 2023; Zhou, Mei, Ke, Liu, & Xu, 2024). The
system of lintels transforms the repeating elements
of three-vaulted stations structures into spatial ir-
regular systems, and ignoring the spatial factor of
the distribution of force factors in them is a false
step in numerical analysis.

The problem of irregularity of the structure is
exacerbated by the fact that the distribution of elas-
tic resistance, the intensity and limits of which are
unknown at the first stage of the study, significant-
ly affects the formation of force factors in the lin-
ing. Numerical analysis of a pylon-type metro sta-
tion with variations in the properties of the sur-
rounding massif is an important current problem,
marked by originality.

Purpose

The purpose of the scientific article is to con-
duct a numerical analysis of pylon station models
and obtain force factors for its lining. Based on the
obtained factors (bending moments and normal
forces), it is planned to obtain their analytical regu-
larities for the varying elastic resistance coefficient
of the rock.

Methodology

The complexity of calculating station structures
necessitates resorting to various assumptions that
idealize both the lining structure and the soil mas-
sif (Li, Jin, Lv, Dong, & Guo, 2016; Sun, Dias,
Guo, & Li, 2019). It is practically impossible to
apply known calculation methods directly to the
analysis of a real underground structure. Therefore,
calculation methods are usually applied to mathe-
matical models.

The calculation scheme of the station structure
should be chosen so that it corresponds to the real
operating conditions of the lining to the greatest
extent, reflecting the design features, lining materi-
al, geological conditions, and the construction
method. When assigning a calculation scheme,
certain assumptions are inevitable. The reliability
and accuracy of the calculation results depend on
how well-founded the assumptions are and the de-
gree to which they correspond to the actual operat-
ing conditions of the station structure. The assump-
tions adopted must ensure a safety margin for the
lining.

The basis for constructing the calculation
scheme of the station tunnel structure located in a
homogeneous soil environment is a planar prob-
lem. This assumption is valid, since the length of
the tunnel usually significantly exceeds the dimen-
sions of its cross-section. For the calculation, a
planar system with a width of 1 m along the station
axis (for monolithic reinforced concrete structures)
or the width of the deck blocks or slabs (for prefab-
ricated structures) is selected. The calculated loads
should be scaled to the width of this flat system.

This approach simplifies the calculation
scheme and is quite justified for single-span struc-
tures, in particular, for single-vaulted stations, as
well as for blind sections of pylon stations. To
compile flat calculation schemes of pylon stations,
which are an alternation of pylons and passages
between them, a typical section is allocated along
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the station, the length of which is equal to the dis-
tance between the axes of the pylons or passages
between them. The geometric characteristics of the
cross-sections of the elements of the typical alter-
nating section must be adjusted to the width of the
flat system allocated for calculation.

In the calculation of station structures operating
in the mode of specified loads, it is assumed that
the lining is subjected to active loads. These loads
are defined as the weight of the soil in the potential
collapses volume or as the total weight of the soil
column above the tunnel. Under the influence of
active loads, the lining deforms, and in that part of
the contour where these deformations are directed
towards the soil, has a force interaction with it
(Penopos, & TroThkiH, 2024).

If the soils are sufficiently strong and elastic,
they limit the deformations of the lining caused by
the action of the active load. In this case, the lining
should be considered as a structure in an elastic
environment and calculated not only for the speci-
fied active vertical and horizontal loads, but also
its interaction with the soil should be considered.
In the calculation scheme, the force interaction can

be replaced by the forces of elastic resistance of
the soil (the local deformations hypothesis).

The most widespread are the calculation
schemes built in accordance with the basic as-
sumptions of the Metrodiprotrans method. In them,
the design of the station lining is defined in the
form of a rod system located in an elastic medium.
As a result of the calculation, the elastic resistance
reactions forces of the soil and the forces in the
cross-sections of the structure (bending moments,
normal and transverse forces), as well as the dis-
placements of the lining elements, are determined.

In the Metrodiprotrans method, modernized on
the basis of the finite element method, the calcula-
tion scheme of the structure or construction is rep-
resented as a set of some typical finite elements
connected to each other and with the base at the
nodes. The SCAD software was used to calculate
the pylon-type station (KaprimtoBckuii,
Kpukcynos, [lepensmyrtep, et al., 2000; [Terpenko,
B. L., Tlerpenko, B. 1., & Trotekin, 2004). Fig. 1
shows the calculation bar scheme of the pylon-type
station.
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Fig. 1. Pylon-type station:
a) structure; b) spatial finite element model (frontal view)
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The entire rod system corresponds to a com-
mon coordinate axis system. It is used when as-
signing loads to the calculation scheme, and the
displacements of the nodes are determined in this
system.

In SCAD, the straight XYZ coordinate axis sys-
tem is used. The flat rod system is located in the
XOZ plane.
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Findings

After performing the numerical analysis using
the modified Metrodiprotrans method, its results
were obtained in the form of diagrams of normal
forces N and bending moments M (Fig. 2). Since
the model is symmetrical about the central axis,
only half of it is shown.
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Fig. 2. Diagrams of normal forces (a) and bending moments (b)

Using the results of previously conducted stud-
ies (bannikoB, Kympiii, & Botuenko, 2021), let’s

conduct a number of additional calculations and
find the relationship between the strength coeffi-
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cient f and the deformation characteristics of the
soil (deformation modulus E and Poisson's ratio p).
Let’s write the formulas for determining the specif-
ic elastic resistance coefficient ko, respectively:

ko=E/(1+)-1, KN/m?, (1)
ko= f -107/(26-f), kKN/m®, (2)

Equating expressions (1) and (2) and transform-
ing the equation, we obtain the dependence of the
strength coefficient on E and p:

=26-E/[(1+w)-10"+E], KN/m®. (3)
As can be seen from the above formulas (1)-

(3), the strength coefficient depends on the strength
and deformation characteristics.

Let’s assume the variation of the strength coef-
ficient f=1.5; 4.5; 13.5 and calculate by formula (1)
the variations of the corresponding coefficients of
elastic resistance approximately: k,;=61000 kN/m?,
k,=210000 kN/m?, k;=1080000 kN/m?* and present
the regularities of the force factors (Fig. 3 and 4).
The corresponding values for the bending moments
and normal forces have been calculated, but the
results are not presented in the form of diagrams to
save space.
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Fig. 3. Analytical regularity of the elastic resistance coefficient
under the variation of the strength coefficient
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Fig. 4. Analytical regularities of bending moments and normal forces
with variation of elastic resistance

It should be noted that the static uncertainty of
the spatial scheme in the pylon station is amplified

by the spatial factor of its operation, therefore the
distribution of force factors in the analytical laws
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are clearly nonlinear for moments. The provided
calculation can only be considered preliminary, as
all studies of this issue should be conducted sepa-
rately.

Originality and practical value

The originality of the conducted research lies in
obtaining analytical regularities of force factors for
varying proper-ties of the surrounding massif
based on the results of numerical analysis conduct-
ed on the basis of the finite element method using
the modified Metrodiprotrans method. These regu-
larities allow predicting the change in bending
moments and normal forces depending on the
change in geological conditions at the design stage.

The practical value of the research lies in de-
veloping the basics of the methodology for taking
into account the spatial factor in the calculations of
three-vaulted metro stations. This allows for more
complete consideration of the complex irregular
structure of pylon-type stations and obtaining force
parameters in its lining that are more adequate to
the real situation.

Conclusions

The foundations of mathematical modeling of a
pylon station by the finite element method in a spa-
tial setting were developed using the modified
Metrodiprotrans method (based on FEM), models
calculations for pylon deep metro stations were
carried out by determining the parameters of
equivalent bars in a spatial setting.

Using the results of the regularities between the
strength coefficient and the deformation character-
istics of the soil (deformation modulus and Pois-
son's ratio), analytical regularities of force factors
were determined for varying properties of the sur-
rounding massif (elastic resistance), which for
moments are power nonlinear regularities, and for
normal forces are linear functions, furthermore the
change in the elastic resistance coefficient with
respect to the strength coefficient is a nonlinear
polynomial.
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AHAJIITUYHI 3AKOHOMIPHOCTI CUJIOBUX ®AKTOPIB
B OIIPABI TPI@CKJIEHIH‘{ACTOT CTAHUII METPONOJITEHY
ITPU BAPIAIIII KOEDIIMIECHTY ITPY>KHOI'O BIAIIOPY ITIOPOIHN

MeTta. MeToro HayKOBOT CTATTi € IPOBEACHHS YUCENBFHOTO aHali3y MOJAEJIeH MJIOHHOT CTaHIil 1 OTpUMaHHS CHU-
noBuX (aktopiB B ii onpasi. Ha ocHOBI oTpumaHux ¢akTopiB (3ruHaabHI MOMEHTH il HOPMAaJIbHI CHIIN) 3aIIaHOBAHO
OTpHMaTH IXHI aHAJIITHYHI 3aKOHOMIPHOCTI TIPH Bapialii KoedilieHTy Npy>KHOTO Bignopy nopoau. Meroanka. Po3-
PaxyHKOBY CXeMy KOHCTPYKIIii cTaHMii HeoOXiMHO BUOMpPATH TakK, 0O BOHA HAMOLIBIIO MIpOO BiIIOBigama pea-
JBFHAM YMOBaM POOOTH OIPaBH, BioOpakaloul KOHCTPYKTHBHI OCOONMBOCTI, MaTepiall OIpaBH, TEOJIOTIYHI YMOBH,
a TaKoX croci® BUKOHaHHs poOiT. It po3paxyHKy CTaHI] MIJIOHHOTO THIY 3aCTOCOBAaHO PO3PAXYHKOBHH KOM-
mwiekc SCAD. Pe3yabTaTu. Po3po0ieHO OCHOBH MaTeMaTHYHOTO MOJCIIOBaHHS ITUJIOHHOI CTaHIi METOIOM CKiH-
YeHHUX CJIIEMEHTIB B MPOCTOPOBIA MOCTAHOBII 3a JOMOMOTOI MOAW(IKOBAHOTO MeToxy MeTponinporpancy (Ha
ocHoBi MCE), npoBeieHO po3paxyHKH MOAENEH MIJIOHHUX CTaHIIH METPOIOJITeHy ITMOOKOTO 3aKiaJeHHS 3a J0-
MIOMOTO0 BU3HAYCHHSI TapaMeTpiB eKBIBaJEHTHHUX CTEPKHIB B IPOCTOPOBIiil moctaHoBIi. Kopucryrouucs pesyinbra-
TaMH 3aKOHOMIPHOCTEH MiX KOS(II[iEHTOM MIllHOCTI i He)OpMAIIHHUME XapaKTePUCTUKAMU IPYHTY (MOZyJIeM fe-
¢dopmaii i koedimienrom [lyaccoHa), BU3HaY€HO aHAJITHYHI 3aKOHOMIPHOCTI CHJIOBUX (DaKTOPiB ITpU Bapiallii Bia-
CTHBOCTEH OTOYYHOUYOro MacuBy (MPYKHOTO BiAMOPY), AKi JJIsI MOMEHTIB € CTCIICHEeBUMH HENIHINHUMH 3aKOHOMI -
HOCTSIMHM, & JUJIsl HOPMaJIbHUX CHJI JIHIHHMMH (QYyHKUISIMH, IPUYOMY 3MiHa KOE(Ili€HTY MPY>KHOTO BIJIIOpPY Bif
koedilieHTy MIIHOCTI € HelniHilHO0 nojiHoMiansHO. HaykoBa HoBu3HA. HaykoBa HOBH3HA MPOBENEHOTO JOCII-
JUKEHHS TIOJISITa€ B OTPUMAaHHI aHATITHYHUX 3aKOHOMIPHOCTEH CIIIOBHX (DaKTOpIB IPH Bapialii BIACTHBOCTEH OTO-
YyIOUOT0 MacHMBY Ha OCHOBI pe3yJbTaTiB YUCEIHHOTO aHaJi3y, IPOBEIICHOTO HA OCHOBI METOly CKIHUCHHHUX €JIEeMEH-
TiB 32 JJOITOMOTOr0 Moan(ikoBaHOTO MeToxy MeTposinporpancy. Lli 3akoHOMipHOCTI T03BOISIOTH IIIe HA eTarli Mpo-
€KTYBaHHS TIPOTHO3YBaTH 3MiHY 3TMHAJIbHUX MOMEHTIB ¥ HOPMalbHHX CHJI B 3QJIC)KHOCTI BiJl 3MiHHM I'€OJIOTTYHHX
ymoB. IIpakTuyna 3HaYnMicTh. [IpakTHdHa 3HAUUMICTH JOCIIKEHHS HOJISATaE B pO3poOI OCHOB METOIUKH Bpa-
XYBaHHS IPOCTOPOBOTrO (hakTopy B po3paxyHKax TPUCKIENIHYACTUX CTaHLId meTpononiteny. Lle n03Bosie Oiipi
MOBHO BPaxOBYBaTH CKJIAJHY HEpEryJsIpHY CTPYKTYPY CTaHIIW MIJIOHHOTO THITy W OTpUMYBaTH OUIbII aJeKBaTHI
peasibHil cuTyalii cuiloBi apamerpu B ii onpasi.

Kniouosi crosa: MeTpoOIONiTEH; CTaHIs MIJIOHHOTO THITY; CHIIOBI (DakTOpH B Ompasi; Koe(illieHT MPYXHOTOo Bij-
TIOpY; aHAJITUYHI 3aKOHOMIPHOCTI
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