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DEPENDENCE OF THE STRESS-STRAIN STATE
OF THE METRO RUNNING TUNNEL LINING ON ITS SHAPE

Purpose. The purpose of the scientific article is to conduct a numerical analysis of the metro running tunnel to
determine, based on the results, the dependence of the lining's stress-strain state on its shape. To achieve this goal, a
modeling of a tunnel with a circular outline and an ovoid shape was performed. Methodology. LIRA-CAD is a mul-
tifunctional software package for calculation, research and design of structures for various purposes. It is based on
the use of the finite element method (FEM), recognized worldwide as the main tool for numerical analysis of the
building structures’ strength and stability. Calculation of forces, modeling of changes in the stress-strain state of the
structure at the stages of its construction and research of the operation of building structures using the finite element
method are performed after specifying the materials and properties of the elements. Findings. Finite element models
of the soil massif and tunnel linings of various shapes (circular outline and ovoid shape) were developed for numeri-
cal analysis of the system. An analysis of the results of the stress-strain state of the soil massif and tunnel linings
was performed, which allowed to draw a conclusion about the discrepancy of the results for different lining shapes.
The analysis was conducted for the stress-strain state of linings of various shapes, taking into account the method of
construction and their waterproofing, allowing to conclude that ovoid linings, which are constructed by NATM,
have advantages in strength and durability. Originality. The originality of the scientific research lies in the analysis
of the stress-strain state of the metro running tunnel lining in various engineering and geological conditions, which
provides an opportunity to reasonably use calculation methods, the results of which reflect the most reliable opera-
tion of the structure for specific engineering and geological conditions. Practical value. The practical value lies in
the fact that the developed methodology allows for considering underground structures of complex spatial forms,
various models of soil behavior, taking into account the technology of tunnel construction.

Keywords: metro; running tunnel; lining; stress-strain state; numerical analysis; New Austrian Tunneling Meth-
od

the traditional technology of building the Dnipro
Introduction Metro. Construction began according to the New
Austrian Tunneling Method (NATM) with prelim-
inary excavation of workings and supporting them
with temporary lining (Chapman, Metje, & Stirk,
2010; Kuesel, King, & Bickel, 2012). Monolithic
reinforced concrete was used as a permanent lining

During the construction of the first stage of the
Dnipro Metro, the erector construction method was
used, in which the rock was excavated by drilling
and blasting. After the rock removal, the circular
lining of reinforced concrete blocks or cast-iron .
tubings was installed, depending on the geological of the ovoid-shaped tunnels.

conditions of the site (Pshynko, Radkevych, In ?:d(;itign o c:;nging the dshape ththe struc-
Netesa, M., & Netesa, A., 2020). tures of the Dnipro Metro second stage, there was a

change in the methods of calculating the stress-

strain state of the linings of the tunnels. Current
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state building codes establish that tunnel lining
designs must be calculated taking into account
their joint work with the surrounding rock massif
(Liu, Luo, & Mei, 2000; Li, Jin, Lv, Dong, & Guo,
2016).

The development of methods for calculating
tunnel linings from the theory of natural arch of
equilibrium to analytical and numerical methods of
continuum mechanics, that take into account the
joint work of the lining with the surrounding rock
massif, has made it possible to consider the techno-
logical features of tunnel construction, the phased
opening of the excavation for further construction
of the lining, and the features of the surrounding
rock massif structure.

Existing calculation methods can be divided in-
to four groups: 1) calculation methods based on the
theory of natural arch of equilibrium; 2) empirical
methods; 3) analytical and 4) numerical methods
of continuum mechanics. Insufficient research has
been devoted to methods for calculating the stress-
strain state of a tunnel by the finite element method
to confidently rely on past experience (Kolymbas,
2005; Do, & Dias, 2017; Fumagalli, 2013).

The fundamental drawback of these calculation
methods is that they do not fully take into account
the physical and mechanical properties of the sur-
rounding massif, as well as the technology of con-
struction of the excavation and its shape, which
significantly affects the magnitude of the loads on
the tunnel structure.

Calculation methods for various types of influ-
ences for circular and non-circular tunnels have
been developed, which are based on analytical so-
lutions to the corresponding plane problems of the
theory of elasticity, implemented in the form of
algorithms and computer programs that allow per-
forming multivariate calculations of underground
structures lining. When using the empirical method
to determine the loads on the tunnel lining, various
classifications are used, which are recommended
depending on the engineering and geological con-
ditions and the dimensions of the tunnel, a certain
type of lining and formulas for calculating rock
pressure. Initially focused on the working, which is
excavated in various ways, later empirical methods
were modified for tunnels constructed using
NATM.

Purpose
The purpose of the scientific article is to con-

duct a numerical analysis of the metro running
tunnel to determine, based on the results, the de-
pendence of the lining's stress-strain state on its
shape. To achieve this goal, a modeling of a tunnel
with a circular outline and an ovoid shape was per-
formed.

Methodology

The lining for the running tunnel during the
construction of the first stage of the Dnipro metro
was designed with a circular outline (Fig. 1), and
of the second stage, respectively, as a closed pre-
fabricated structure with an ovoid outline (Fig. 2).
The inner diameter of the tunnel lining is deter-
mined by the dimensions of the clearance profile.

Fig. 2. Ovoid tunnel lining

The two identified variants of the metro tunnel
linings were modeled in the LIRA-CAD software
package (Fig. 3) (Kynpiit, Trotekin, &
3axapuenko, 2017).
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Fig. 3. Finite element model of the soil massif and tunnel lining:
a) circular outline; b) ovoid

LIRA-CAD is a multifunctional software pack-
age for calculation, research and design of struc-
tures for various purposes. It is based on the use of
the finite element method (FEM), recognized
worldwide as the main tool for numerical analysis
of the building structures’ strength and stability
(Pande, Beer, & Williams, 1990; Pang, Yong, &
Dasari, 2005; Tiutkin, & Bondarenko, 2022).

Calculation of forces, modeling of changes in
the stress-strain state of the structure at the stages
of its construction and research of the operation of
building structures using the finite element method

are performed after specifying the materials and
properties of the elements.

After forming the geometric scheme of the
structure, the next stage is the assignment of exter-
nal loads. Solving the problem of determining the
most dangerous combinations of loads provides an
interrelation between the results of the calculation
of the structure for various loads and the design of
its elements. The software package provides for
automated formation of calculated combinations of
forces in accordance with design codes for con-
struction objects.
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The calculation stages are as follows: scheme from each load or their combination, the
1. Initial (self-weight + soil mass). correctness of the constrains and stiffnesses as-
2. Clearing displacements. signment, and obtain numerical information for
3. Modeling of soil excavation and installation  each node or element.

of the lining.
Analysis and interpretation of the calculation Findings

results are as follows:

1. Visualization of the calculation results.

2. Analysis of the results.

3. Verification of the adequacy of the obtained
results.

Using graphical capabilities, one can easily as-
sess the reliability of the stress-strain state of the

LIRA-CAD provides a graphic visualization of
the following results with the ability to fragment,
scale, and rotate. Fig. 4 and 5 show the vertical
component of the stress-strain state for the circular
and ovoid metro tunnel variants.
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Fig. 4. Vertical displacements of the soil massif after soil excavation and installation of the tunnel lining:
a) circular outline; b) ovoid shape
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Fig. 5. Vertical stresses in the soil massif after soil excavation and tunnel lining installation:
a) circular outline; b) ovoid shape

Analysis of the stress-strain state results shows
that the value of maximum deformations (vertical
displacements) in the circular lining is greater than
those in the ovoid lining. The value of tensile
stresses at the upper point of the linings vault is the
same, and the value of compressive stresses is
greater in the circular lining, but the zone of max-
imum stresses changes; in the ovoid lining it
moves to the bottom of the lining, to the connec-
tion point.

Since the lining in the finite element model was
displayed in the form of finite elements, and the
stress-strain state in the form of isofields, an addi-
tional analysis of force factors (bending moment

and normal force; for this purpose, the lining is
represented as bar elements, and the results are
obtained in the form of diagrams) was also per-
formed, which are necessary for calculating the
strength of critical cross-sections, in accordance
with current standards. The value of these factors
is an indicator of the influence of the shape on the
distribution of parameters in the lining, as well as
the dependence of strength on it (Fig. 6).

Analysis of force factors proves that changing
the shape of the lining affects not only the magni-
tude of the forces in the lining, but also changes
their distribution across the lining.
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Bending moments

b)

Normal forces

Fig. 6. Diagrams of force factors: a) circular outline; b) ovoid shape

Thus, the influence of the lining shape on the
complex of stress-strain state and force factors has
been determined.

Originality and practical value

The originality of the scientific research lies in
the analysis of the stress-strain state of the metro
running tunnel lining in various engineering and
geological conditions, which provides an oppor-
tunity to reasonably use calculation methods, the
results of which reflect the most reliable operation
of the structure for specific engineering and geo-
logical conditions.

The practical value lies in the fact that the de-
veloped methodology allows for considering un-
derground structures of complex spatial forms, var-
ious models of soil behavior, taking into account

the technology of tunnel construction.

Conclusions

Finite element models of the soil massif and
tunnel linings of various shapes (circular outline
and ovoid shape) were developed for numerical
analysis of the system.

An analysis of the stress-strain state results of
the soil massif and tunnel linings was performed,
which allowed to obtain a conclusion about the
discrepancy of the results for different shapes of
linings.

The analysis of the stress-strain state for linings
of various shapes, taking into account the method
of construction and their waterproofing, allows to
conclude that ovoid linings, that are constructed by
NATM, have advantages in strength and durability.
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SAJIEXKHICTD HAIIPY KEHO-AE®OPMOBAHOI'O CTAHY OIIPABH
NEPEITHHOI'O TYHEJIIO METPOIIOJIITEHY BIJ Ii ®OPMU

Meta. MeToro HayKOBOI CTAaTTi € MPOBEICHHS YHCEIIFHOTO aHaNi3y HEPETiHHOTO TYHEI0 METPOIOJIITEHY 13 BHU-
3HAUEHHSM Ha OCHOBI PE3yJIbTATIB 3aJIeKHOCTI HANpPY>KEHO-/1e()OPMOBAHOTO CTaHy OmpasH BiJ 11 popmu. st nocs-
THEHHS ITOCTaBJICHOT METH BUKOHAHE MOJICIIOBAHHS MEPETIHHOTO TYHENIO KOJIOBOI'O OKPECIICHHS 1 einconoaioHol
¢dopmu. Metoguka. JIIPA-CAIIP € GararodyHKIiOHAIEHUM IPOrPaMHHM KOMIUIEKCOM ISl PO3PAaxyHKY, HOCIi-
JDKEHHS 1 ITPOEKTYBAaHHs KOHCTPYKLIN pi3HOTO NMpu3HaueHHs. BiH 3aCHOBaHWI Ha BUKOPHCTaHHI METOAY CKiHYEH-
nux enementiB (MCE), npu3HaHOro B CBiTi OCHOBHMM iHCTPYMEHTOM YHCEJIHHOTO aHajli3y MIIHOCTI Ta CTIHKOCTI
OyZIiBeIbHUX KOHCTPYKIiN. PO3paxyHOK 3yCHiib, MOJICTIOBAHHS 3MiHHM HAMPyKE€HO-1e(OPMOBAHOTO CTaHy KOHCTPY-
Kii Ha etanax ii CIOpyMIKEeHHS Ta JOCITIHKEHHS pOoOOTH OYyHiBENTbHIX KOHCTPYKIIH METOIOM CKiHUCHHHX eJIeMEH-
TiB BUKOHYETHCS IIICHS 3aBJaHHS MaTepianiB Ta BIacTUBOCTEH eneMeHTiB. Pe3yabTaTH. Po3pobieHo ckiHueHO-
€JIEMEHTHI MOJIENI IPYHTOBOTO MAaCHBY 1 TYHENBHHX OMNpaB pi3HOI (opMH (KOJOBE OKPECICHHS W emincomomiOHa
(dopma) I YMCENBHOTO aHANli3y CHCTeMH. BUKOHAHO aHalli3 pe3ybTaTiB Hapy>KeHO-1e(hOpMOBAHOTO CTaHy IPYH-
TOBOT'O MAaCHBY 1 TYHEJIFHUX OMpaB, SKUHA HAZaB 3MOTY OTPUMAaTH BHCHOBOK PO PO301KHICTD pe3yNbTaTiB A pi3-
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Hux Qopm ompas. [IpoBeneHuil aHani3 HarpyKeHO-1e(OpPMOBaHOTO CTaHy ONpaB Pi3HOI OPMHU 3 ypaxyBaHHSIM
croco0y cropymKeHHs 1 IX rigpoizosnsuii Jae 3Mory 3poOUTH BUCHOBOK, IO ONPABH EIINTHYHOIT (POpPMH, SKi CHOPY-
kyioTbes NATM, MaroTs nepeBaru y MinHOCTI 1 foBroBiunocti. HaykoBa HoBu3Ha. HaykoBa HOBH3HA HayKOBOTO
JOCIIKEHHS TOJIATaE B aHATI31 HAIIPYKEeHO-1e()OPMOBAHOTO CTaHY OIPABU MEPETiHHOTO TYHENIO Y Pi3HUX iH)KeHe-
PHO-TEOJIOTIYHHUX YMOBaX, [0 HaJa€ MOXIIMBICTE OOIPYHTOBAaHO BUKOPHUCTOBYBAaTH METOIH PO3PaxyHKY, pe3yiabTa-
TH AKX BiTOOpaaroTh MaKCHMAIIBHO JOCTOBIpHY POOOTY KOHCTPYKIIi i KOHKPETHHUX 1H)KEHEPHO-TEOIOTIIHIX
yMmoB. [IpakTuyHa 3HaYNMIicTh. [IpakTHYHa 3HAYUMICTB MIOJIATAE B TOMY, IO pO3po0JIeHa METOJUKA JO3BOJIE PO3-
TJISLIATH TI3EMHI CIIOPYAN CKJIQJHUX IPOCTOPOBHX (HOPM, Pi3HI MOJEN MOBEIIHKH IPYHTIB, BPaXOBYIOUH TEXHOJIO-
Tifo Oy/AiBHUIITBA TYHEIIIB.

Kniouosi cnosa: MeTpoONOIITEH; NMEperiHHUN TYHEINb; ONpaBa; HaNpy>XeHO-Ae()OPMOBAHUIl CTaH; YHCEILHHUN
anauni3z; HoBoaBcTpiiickkuii crioci® Oy JiBHUIITBA TYHEIIB
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