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NUMERICAL ANALYSIS OF A SINGLE-VAULTED
METRO STATION OPTIONS

Purpose. The purpose of the study is a numerical analysis of a single-vaulted metro station options, the perform-
ing of which allows determining which of the options passes the strength check. The results of the numerical analy-
sis using the finite element method, which allows to determine the strength of the station structure, are the values of
the stress-strain state, as well as equivalent stresses. Methodology. An analysis of the lining stress-strain state for
variating structural solutions was carried out, for which the model reproduced half of the single-vault station struc-
ture with the addition of a second invert. The single-vault station models were built based on real geometric dimen-
sions using the professional calculation software Structure CAD for Windows, version 7.29 R.3 (SCAD). Findings.
In recent years, the single-vaulted metro station has become the underground structure most often used during con-
struction. The design options for the single-vaulted station proposed by designers necessarily require scientific sub-
stantiation. As part of the study, the results of which are presented in the article, a numerical analysis of the single-
vaulted station, which has two design options, was performed. The created finite element models reflect the features
of the developed options in a spatial setting. The numerical analysis performed for dead weight and moving load
allowed for finding out the parameters of the stress-strain state. Based on the determined parameters, the overall
strength and stability of the single-vaulted station were evaluated and recommendations for their increase were pro-
vided. Originality. The originality of the study consists of the obtained results of numerical analysis for a single-
vaulted metro station options, which allowed to find out which of the options passed the strength check. Practical
value. The practical value lies in obtaining the results of the calculation using the finite element method, which al-
lowed to find the strength of the station structure and reasonably choose the metro station option.
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elastic medium.
Introduction When calculating single-vault stations made of
precast reinforced concrete, the calculation scheme

The calculation of a single-vault station based .
must take into account the presence of structural

on the finite element method is aimed at determin- hi t the functi f adi t block
ing the stress-strain state with subsequent evalua- mg?es fh €junc |0ns? adjacent bloc S.t in th

tion of strength and stability (Pande, Beer, & Wil- N the presence Of MassIve Supports 1n tne
liams, 1990; Kuesel, King, & Bickel, 2012). It is structure _of a smgle-va_ult station, they should be
known that the behavior of such a structure is more replacec! In th_e calculation scheme by bgrs of cor-
determinate than that of pylon and column-type respondmg stiffness. The supports ofasmgle-vfa\u_lt
stations. The calculation scheme of a single-vault station can be calculated in the same way as rigid

station made of monolithic reinforced concrete can  "etaining walls that are under the influence of forc-

be presented in the form of a flat bar system in an €s tran§m|tted fro!“ the heels of the arches, the
support's own weight, loads from rock pressure
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and elastic soil resistance. The design scheme of
the station in this case is a system of rigid curved
blocks on an elastic base, interconnected by hing-
es, and massive supports (Ilerpenxo, B. ]I,
TroTekin, & Ilerpenko, B. 1., 2012). The calcula-
tion of such a structure is reduced to determining
the stress state of two multi-hinged structures of
the upper and lower arches on an elastic base,
characterized by soil resistance reactions beyond
the lining blocks (Chapman, Metje, & Stark, 2010;
Hunar Farid Hama Ali, 2013; Sun, Dias, Guo, &
Li, 2019).

The forces in the arches are determined from
the equilibrium conditions of their nodes, while
considering the nodes sequentially, starting from
the keystone. Assuming that the bending moments
at the joints equal zero, the normal and transverse
forces, soil resistance reactions, and moments in
the blocks are determined.

The linings of stations constructed be an open
method, operate, as a rule, in the mode of specified
loads and are characterized by a simpler and more
defined calculation scheme.

There is a structural form of a single-vaulted
station lining made of monolithic reinforced con-
crete, that is a shallow arch of variable thickness,
monolithically connected with vertical walls (Rad-
kevych, Tiutkin, Kuprii, & Tkach, 2023). The
principles of constructing the internal contour of
the lining are the same as for single-vaulted sta-
tions constructed in a closed way. The basis for
determining the dimensions of the cross-section of
the station is the calculated width of the platform
and the buildings clearance size.

The cross-section of the vault can be taken as
constant along the length of the station or ribbed.
Ribs of different configurations, made with differ-
ent steps along the length of the station, emphasize
the individuality of the structure and add architec-
tural expressiveness to the station. The walls are
rigidly connected to a reinforced concrete floor
slab, the thickness of which is adopted considering
the strength characteristics of the soils at the base
of the station. If the base of the station has weak
water-saturated soils and hydrostatic pressure, the
floor part of the station is constructed as an invert.

This solution is advisable when constructing a
station in dense cohesive soils capable of resisting
wall displacements from the expansion of a shal-
low vault. Weak, poorly cohesive soils are unable

to limit these deformations, so the reinforced con-
crete walls and vaults in the lining structure of the
station operate under the influence of significant
bending moments. As a result, the junction of the
vault and walls becomes more complicated, their
thickness must be increased, and the consumption
of reinforcement increases, also the crack re-
sistance and water tightness of the structure de-
creases (bimpuenxo, & Cwmomsaiok, 2021;
CmonsHoK, & bimsuenko, 2024).

Unlike a monolithic one, a station with a pre-
cast reinforced concrete lining has several ad-
vantages: the lining is constructed following the
excavation of the core and immediately engages
it’s operation, there is the possibility of using high-
performance block-laying equipment, which al-
lows to increase the pace of construction and in-
stallation work and reduce their cost.

The platform section of the station complex is
designed as a single-span with an island platform
10 meters wide. The platform length is adopted for
a five-car train: 102 meters, if the ladders are lo-
cated in the lobby spaces and 114 meters, if the
ladders are placed on the platform.

Purpose

The purpose of the study is a numerical analy-
sis of a single-vaulted metro station options, the
performing of which allows determining which of
the options passes the strength check. The results
of the numerical analysis using the finite element
method, which allows to determine the strength of
the station structure, are the values of the stress-
strain state, as well as equivalent stresses.

Methodology

An analysis of the stress-strain state of the lin-
ing for variation in its structural solutions was car-
ried out, for that the model reproduced half of the
single-vault station structure with the addition of a
second invert (Trotekin, 2020; CmonsHIOK, &
Binsuenko, 2024). The single-vault station models
were built based on real geometric dimensions us-
ing the professional calculation software Structure
CAD for Windows, version 7.29 R.3 (SCAD) (Fig.
1)  (Kapmunosckmit, B. C., KpukcyHos,
[Mepensmytep, & al., 2000; Tiutkin, & Bondaren-
ko, 2022; Radkevych, Tiutkin, Kuprii, & Tkach,
2023).
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Fig. 1. Schemes and fragments of the FEM-model — station structures with a "slurry wall":
a) standard; b) with implemented design solutions

When developing the model, its adjacency to
the “slurry wall” structure was taken into account,
as well as the features of the floor part, which is
present in the second version of the single-vault
station (Fig. 1, b). The number of volumetric finite
elements is 119,116, and number of nodes is
113,720; the problem is of medium size.

Findings

The parameters of the stress-strain state of the
model are presented in Fig. 2. The maximum dis-
placements along the vertical axis are about 167.74
mm, and the horizontal displacements are 0.69
mm.
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Fig. 2. Isofields and isolines of horizontal (a) and vertical (b) displacements
in the model from its own weight and moving load of NK-80

The nature of the development of the stressed  concentration points (Fig. 3), and the main stresses

state is analyzed at several characteristic stress of the model are also presented (Fig. 4).
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Fig. 3. Diagram of stress concentration points

b)

For further for strength verification of the struc-
ture, which will be carried out only on concrete,
that is, for crack resistance, let’s apply the formula
of the fourth theory of strength (by energy), the
expression for which is:

\fcs)z( +0,0, +0o- +315, <[o],

where o, and o, are the components of nor-
mal stresses along the global axes X and Z; <,, —
the tangential component in the XZ plane; [o] -
the ultimate strength of the material, the design
resistance value for concrete B30 — [o]= 21.0

MPa.
The calculation was carried out using equiva-
lent stresses (Table 1).
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Fig. 4. Isofields and isolines of normal stresses in the fragment of the model (right part of the top vault)
from its own weight: a) along the horizontal axis; b) along the vertical axis
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Table 1

Calculation of equivalent stresses according to the fourth theory of strength
from self-weight and moving load of NK-80

Stress, MPa

. Equivalent stress, MPa /

Point number .
Safety margin
Normal, along X axis | Normal, along Z axis | Tangent in XZ plane

Point 1 -26,08 2,24 -2,57 25,43/0,7

Point 2 29,84 2,24 -5,01 32,21/05

Point 3 -26,09 -22,12 -22,09 56,67 /0,3

Point 4 9,86 11,98 12,07 28,21/0,6

Point 5 -19,5 -16,64 7,66 34,02/0,5

Point 6 -24,7 -3,97 6,21 28,98/0,6

Point 7 47,6 5,53 -11,15 54,15/0,3

Analysis of the presented table shows that the
recommended measures significantly improve the
stress state of the station structure. However, at
point 7 in the first and second loadings and point 3
in the second loading, the safety margin value is
very small and equals to 0.3, i.e. cracking should
be expected in these locations. But analysis of
stress distribution patterns at these concentration
points shows that the crack formation zones are
insignificant.

Concentration points 5 and 6 require a recom-
mended measure in the form of changing the
haunch thickness or its reinforcing bars spacing.
The same recommended measure regarding reduc-
ing reinforcement spacing applies to points 3 and
7, since changing the thickness in these places is
impractical. Otherwise, the new station design as a
result of the comparative analysis is comprehen-
sively justified and, in contrast to the standard de-
sign, has significant advantages.

Originality and practical value

The originality of the study consists of the ob-
tained results of numerical analysis for a single-
vaulted metro station options, which allowed to
find out which of the options passed the strength
check. The practical value lies in obtaining the re-

sults of the calculation using the finite element
method, which allowed to find the strength of the
station structure and reasonably choose the metro
station option.

Conclusions

In recent years, the single-vaulted metro station
has become the underground structure most often
used during construction. The design options for
the single-vaulted station proposed by designers
necessarily require scientific substantiation. As
part of the study, the results of which are presented
in the article, a numerical analysis of the single-
vaulted station, which has two design options, was
performed. The created finite element models re-
flect the features of the developed options in a spa-
tial setting. The numerical analysis performed for
dead weight and moving load allowed for finding
out the parameters of the stress-strain state. Based
on the determined parameters, the overall strength
and stability of the single-vaulted station were
evaluated and recommendations for their increase
were provided.
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YUCEJbHUMN AHAJII3 BAPIAHTIB
OJHOCKJIEINIHYACTOI CTAHIII METPOIIOJITEHY

Meta. MeToro TOCTiKEHHS € YUCEIFHUM aHaNli3 BapiaHTiB OJHOCKIIETIHIACTOI CTaHIlii METPOIIONITeHY, IIPOBE-
JICHHSI SIKOTO JIO3BOJISIE 3°CYBaTH, SKMH 3 BapiaHTIB MPOXOIMTbh MEPEBIPKY MIlHOCTI. Pe3yiapraTaMu 4ncenbHOro
aHai3y METOZOM CKiHYEHHHX €JIEMEHTIB, SIKi JO3BOJSIOTh 3HAWTH MIIHICTh KOHCTPYKILIi CTaHIIi, € 3HaUeHHS Ha-
NIpYy’KeHO-1e()OPMOBAHOTO CTaHy, a TAKOXK CKBIBaJICHTHI Harpy>keHHs. Meroanka. [IpoBeeHo aHaii3 HanpyXeHo-
JedopMOBaHOro cTaHy ONpaBH MPH Bapiawii il KOHCTPYKTUBHUX PillleHb, I YOT0 B MOAEJNI BiITBOPEHO MOJOBHHY
KOHCTPYKIIii OJJHOCKJICTIIHYACTOI CTAHIII 13 JJOJaBaHHS JAPYrOro HMXKHBOTO CKICHIHHA. Mojeii 0HOCKIIemiHIacTol
cTaHMii T00yZAOBaHI HA OCHOBI pPeabHUX TE€OMETPUYHHUX PO3MIpiB HA OCHOBI PO3PaxyHKOBOTO MPOGeCciHHOro KOM-
miekcy Structure CAD for Windows, version 7.29 R.3 (SCAD). Pe3yasTatu. OgHOCKIIETIHUACTA CTAHIIIS METPO-
MIOJIITEHY B OCTaHHI POKH CTa€ TI€I0 MiJI3éMHOI0 KOHCTPYKIJIEIO, SIKA YACTIIl YChOTO 3aCTOCOBYETHCS i yac OymiB-
HUITBA. BapiaHTn KOHCTPYKIii OJTHOCKJIETIIHYACTOI CTAHIIi], SIKi IIPOMOHYIOTHCA MPOEKTYBAIBHUKAMHU, 000B’I3KOBO
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MOTpeOyIOTh HAYKOBOTO OOIPYHTYBaHHA. B pamMkax JocCiiUKeHHS, pe3yJIbTaTH SKOTO BHKJIAJCHO B CTaTTi, IPOBEJe-
HO YHCENbHUI aHasi3 OJHOCKJIeNiHYacToi CTaHINi, sfKka Mae JBa BapiaHTH KOHCTPYKLii. CTBOpEeHI CKIHYEHHO-
€IIEMEHTHI MOJIeNi BimoOpakaroTh 0COONMHMBOCTI po3poOICHNX BapiaHTIB B MPOCTOPOBii mocraHoBIi. IIpoBeneHmit
Ha BJIACHY Bary Ta pyXOMe HaBaHTa)XCHHS YHCEJIbHUH aHAIIi3 HallaB MOKIIUBICT 3 sCyBaTH apaMeTpH HAIPyKEHO-
neGopMoBaHOTO CTaHy. Ha OCHOBI BU3HAUEHUX MapaMeTpiB OI[IHEHO 3arajbHy MIIHICTh Ta CTIHKICTh OJHOCKIICTIi H-
yacToi CTaHIil i HaBeleHO peKoMeHalii 1o ix 30inpmena0. HaykoBa HoBH3HA. HaykoBY HOBHU3HY JOCIIIKEHHS
CKJIaJIal0Th OTPHMaHi pe3yIbTaTH YHCEIHHOTO aHali3y BapiaHTiB OJHOCKICIIHIACTOI CTAaHIN METPOIOJITeHY, IPO-
BEJICHHS SIKOT'O JIO3BOJIMIIO 3’5ICYBaTH, SIKWH 3 BapiaHTIB NPOWIIOB nepeBipky MinHocTi. IIpakTuyHa 3HAYMMICTB.
[MpakTryHe 3Ha4YEHHs MOJATAaE B OTPUMAHHI PE3yJIbTaTiB PO3PaXyHKY METOIOM CKIHYEHHHX €JIEMEHTIB, SIKi J03BO-
JIMJTM 3HAWTH MIIHICTh KOHCTPYKIIi CTaHMLii 1 00IpyHTOBaHO 00paTH BapiaHT CTaHLil METPOIIOJITEHY.

Kniouosi cnosa: MeTpomnosiTeH; 0JHOCKJIENiHIACTa CTaHIis; Hapy>KeHO-1eOpMOBaHHUI CTaH; YHCEIbHUN aHa-
J1i3; 3MiHa KOHCTPYKIIii
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