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Purpose. Assessment and predictive analysis of the stress-strain state (SSS) of the soil mass and
structural elements of the subway tunnel lining, constructed in difficult hydrogeological conditions
of Kyiv (in particular, in water-saturated clay soils), to minimize operational risks and ensure the
stability of underground structures.

Methodology. The calculation is carried out using numerical modeling based on the finite ele-
ment method (FEM) in the Midas GTS NX software package. The study used a nonlinear elastic-
plastic Mohr-Coulomb model to describe the soil behavior, taking into account the physical and me-
chanical characteristics of the mass. The modeling involves taking into account the staged nature of
the shield tunneling, the hydrostatic pressure of pore water, and the interaction of the soil-lining sys-
tem through contact elements. To eliminate edge effects, a calculation area significantly exceeding
the tunnel diameter was set.

Results. The nature of the redistribution of stresses and deformations around the tunnel with a
diameter of 6 m at a depth of 20 m has been established. The values of the maximum vertical displace-
ments in the tunnel invert (heave) are +10.9 cm, while the settlement of the ground surface above the
vault is recorded at 4.8 mm. The maximum total vertical stresses in the lower part of the model reach
1762 kPa. The analysis of the pore pressure showed its linear increase to 353 kN/m?, while the tunnel
lining acts as a waterproof barrier. Plastic zones have been determined, concentrated in the tunnel
haunches and the invert, which indicates the transition of the soil to a failure state in these zones.

Scientific novelty. The dependencies between hydrogeological conditions and the nature of the
formation of plastic deformation zones for shallow tunnels under the conditions of Kyiv have been
established. It has been proven that in water-saturated clay masses the main deformation factor is the
intensive heaving of the invert due to unloading, which prevails over surface settlement. New data
have been obtained on the configuration of the plastic zones of the mass under the conditions of the
simultaneous influence of the soil self-weight and hydrostatic pressure.

Practical significance. The obtained calculation data allow at the design stage to reasonably
choose the reinforcement parameters of the reinforced concrete lining and make decisions on the need
for additional strengthening of the surrounding soil mass. This allows to significantly reduce the risks
of flooding and uneven deformations of tunnels, ensuring reliable functioning of the city's transport
infrastructure under conditions of increasing loads.

Keywords: subway tunnel, stress-strain state, numerical modeling, finite element method, Midas
GTS NX, Mohr-Coulomb model, settlement trough, geomechanical safety.
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Introduction. In many countries, economic policy is paying increasing attention
to the modernization and development of transport infrastructure as a measure of mac-
roeconomic stimulation.

However, in addition to macroeconomic and technological problems, for the suc-
cessful and long-term functioning of transport infrastructure with increasing loads, it
is necessary to address the issue of reducing operational risks, the occurrence of which
can neutralize the macroeconomic and logistical effect. This issue should be resolved
at the design stage.

For example, the construction of the metro in Kyiv is based on the city's needs for
the development of transport infrastructure, reducing congestion and ensuring the ac-
cessibility of residential areas, this involves improving the quality of life of residents,
creating new jobs and reducing the load on ground transport.

The Kyiv metro has over 70 km of tunnels, which form the basis of a network of
three lines. The depth of the tunnels of the Kyiv Metro varies considerably: Arsenalna
station is the deepest, located at 105.5 meters, while Zoloti Vorota station is at a depth
of 96.5 meters. Other stations, such as Dnipro, are located near the surface, and the
tunnels under the Dnipro were built at a depth of 28-32 meters. Accordingly, the con-
struction of tunnels in difficult geological conditions, such as the Lybid River area,
leads to lower depths (8-10 meters), which, in turn, can cause problems with flooding.

Subway tunnels of various depths are an important component of the transport
infrastructure. Their use allows for a significant reduction in travel distances, which
seriously increases passenger transportation, and therefore the risks of the conse-
quences of unforeseen loads.

Thus, despite the high cost, complexity and laboriousness of the work, the ten-
dency to increase the volume of tunnels and underground structures is common to all
developed countries of the world.

Tunnels are one of the main structures that make up transport systems. When design-
ing such facilities, it is necessary to take into account the deformation characteristics of
the soil mass, the depth of its occurrence and the transverse dimensions of the tunnels, as
well as various types of loads and influences that affect the stress state of underground
structures [1]. Disturbance of the soil mass integrity changes the stress-strain state of the
mass, including along the tunnel contour. This leads to the appearance of tensile stresses
in some places and compressive stresses in others [2]. Loads and influences on tunnels are
classified as permanent and temporary. Rock pressure refers to permanent loads and ef-
fects on tunnels. Temporary loads include moving loads from vehicles moving both inside
and outside the tunnel. For shallow tunnels, such loads are of particular importance.

Materials and Methods. To calculate the stress-strain state (SS) of soil masses
around subway tunnels, numerical models based on continuum mechanics are used,
taking into account the elastic, plastic and rheological properties of soils. The most
common are the finite element method (FEM), the boundary element method (BEM)
and hybrid approaches.

The purpose of phenomenological models in continuum mechanics (CMM) is to
describe the behavior of soil as a continuum under the action of loads. These include
the theory of elasticity for small, reversible deformations; the theory of plasticity for
irreversible deformations (e.g., during failure or shear); and the theory of creep for
long-term deformation processes typical of clayey rocks.
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The boundary element method (BEM) is a numerical approach to solving prob-
lems of continuum mechanics, which is based on discretization of only the boundaries
(boundaries) of the computational domain, and not the entire volume, as in the finite
element method (FEM). When using the BEM, the main disadvantage is the complex-
ity of modeling inhomogeneous or multilayer soils. In works [3—7] it is shown that the
combination of both methods allows achieving an optimal balance between accuracy
and computational efficiency.

The boundary element method (BEM) is less common in commercial software
than the finite element method (FEM), but it is indispensable in problems where the
medium is infinite (geomechanics, acoustics) or where ultra-high accuracy on the sur-
face is important (cracks, stress concentration).

For the practical implementation of numerical analysis of the NDS around subway
tunnels, the Midas software package, which is based on the finite element method
(FEM), is often used. The program allows taking into account the complex geometry
of the lining and the staged construction of the tunnel. To minimize the influence of
boundary conditions and simulate a semi-infinite mass of soil, special infinite elements
(Infinite Elements) are used in Midas, which allows combining the advantages of vol-
umetric modeling of MSE with the accuracy of boundary solutions [3—5].

In the Midas software package, determining the SST around a tunnel requires the
correct specification of three groups of parameters. The initial data include the geometric
dimensions of the computational domain (the width and depth of which must exceed 3—
5 tunnel diameters to eliminate edge effects), physical and mechanical characteristics of
the soil (Mohr-Coulomb model with parameters £, v, v, ¢, ¢) and stiffness parameters of
reinforced concrete lining with mandatory introduction of contact interface elements.

The mathematical formulation of the dimensions of the calculation area to exclude
the influence of edge effects is based on the outer diameter of the tunnel D:

L>@3..5-D; Hy>(3...5)-D (1)

where L is the distance from the tunnel axis to the side faces of the model, m;
H), — distance from the tunnel invert to the lower boundary of the soil mass, m.

The soil mass behavior is described through elastic and plastic components. The elastic
component (Hooke's Law) describes the relationship between stresses and strains, and
the plastic component (Mohr-Coulomb criterion) is determined by the cohesion param-
eter ¢ and the angle of internal friction ¢.

Limit state condition:

1
=0,,SInQp + o <cos<9 — —sin#sin ) —ccosp =0 2
f ¢ NG ¢ 2 2)

The reinforced concrete lining 1s modeled as an elastic element with axial stiffness
and bending stiffness characteristics. To account for the slippage of the lining relative
to the soil, interface elements are introduced, the stiffness of which is (k, — normal,
k: — tangential) determined by the characteristics of the surrounding soil:

Esoil(l - Vsoil) Gsoil

= k, = 3
kn dv(l + Vsoil)(l - 2Vs0il) T dv ’ ( )

where d, — virtual interface thickness.
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This mathematical formulation allows us to implement in Midas GTS NX a finite
element scheme for solving a system of linear algebraic equations of the form:

AKI{U} = {F} 4)
where [K] — global stiffness matrix, taking into account the nonlinearity of the soil,
U —nodal displacements, F'— vector of external loads (self-weight and man-made pressure).

Initial conditions form the natural geostatic state before the start of work: the self-
weight of the soil is generated, the lateral expansion stress is generated due to the co-
efficient of lateral pressure at rest K, and the initial hydrostatic pressure of pore water
for water-saturated clay.

Boundary conditions are imposed according to the kinematic principle: rigid fixation
of the lower boundary along all axes 7x = 7y = Tz =0, roller supports on the side boundaries
(prohibition of horizontal movements) 7x = 0, 7y/Tz # 0 and stress-free ground surface.

Engineering and geological conditions typical for the territory of Kyiv are repre-
sented by modern (Holocene) alluvial sandy loams and sands, covered with a fill layer
up to 5.0 m thick and underlain by marly clays of the Eocene age of the Paleogene
system (Kyiv horizon), lower in the section - by sands of the Buchach horizon of the
Middle Eocene of the Paleogene system.

Geometric characteristics of tunnel lining - the internal diameter of the right run-
ning tunnel on the site is 5400 mm, the external 6000 mm. The thickness of the blocks
(frame elements) is 300 mm, their width is 1000 mm. The length of the blocks is vari-
able and 1s 451 mm, 939 mm, 1453 mm, 1855 mm, the size of the block for the bottom
1s 2724 x 1000 x 595 (mm). Reinforcement of the blocks — A400, A240, concrete B40.
A typical cross-section of the tunnel is shown in Fig. 1.
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Fig. 1 Typical tunnel cross-section
201



G19 — Construction and Civil Engineering

In order to give an example of the calculation, we will simulate a specific scenario
in Midas for a tunnel with a diameter of 6 m at a depth of 20 m in water-saturated clay.
The initial data for modeling the stress-strain state of soils during shield tunneling
are given in Tables 1-2.

Table 1
Physical and mechanical characteristics of tunnel construction materials
Elastic Poisson's Unit .
Material Name 1\1/{0de1 Modulus Ratio Weight CDat{lf}p}ng
YPe | g kN/m? , . N/m? oefficients
Reinforced concrete | Elastic 3.6 - 107 0.2 25 0.05
tunnel lining
Steel structure of | Elastic 21-108 0.25 77 0.05
the tunnel shield
Cement-sand grout | Elastic 1.5-10° 0.3 22 0.05
injected behind the
lining
Table 2
Design parameters of the soil mass
. Angle of . Coefficient of
Material | Model Elastic Cohesion | internal Umt lateral earth
Name | Type Modulus C,kN/m? | friction Weight pressure
E, kN/m? ’ y, KN/m?
@, deg. Ko
Soft rock | Mohr- | 30 000 30 36 20 0.691
(Weak Coulo
rock) mb

Hydrogeological and filtration parameters are given by the permeability coeffi-
cient (x,y, z) k=1-107, Poisson's ratio v = 0.495

Below is a description of the results produced by the program, with numerical
values and interpretation of physical processes (Fig. 2—6).

Fig. 2 shows the contour plots of vertical displacements (77) where a characteristic
distribution of displacements around the excavated space of the tunnel is observed. The
contours of the blue zones above the tunnel indicate the settlement of the soil mass, the
maximum value of which is about 4.8 mm. And the red zone under the tunnel demon-
strates the heaving of the invert due to unloading of the soil mass, the maximum value
of the invert heave is 10.9 cm (+ 1.09 - 10! m).

Analysis of the data obtained from the displacement graph shows that the maxi-
mum displacement values are recorded in the central part, where the zone of the great-
est load influence is formed. Towards the edges of the calculation area, the displace-
ment values gradually decrease, which indicates the symmetrical nature of the defor-
mation process.
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DISPLACEMENT
T2, m

+1.00261e-01
1.3%
+9.07027e-02
1.4%
+8.11448e-02
2.1%
+7.15869e-02
2.4%
+6.20290e-02
3.2%
+5.24710e-02
6.7%
+4.29131e-02
14.7%
+3,33552e-02
22.7%
2,37973e-02
15.6%
+1,42393e-02
18.0%
104%
87653e-03

Fig. 2. Vertical movements at the final stage of tunnel construction
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Fig. 3. Displacement graph (TZ) in the tunnel invert (stage 2 — the excavation stage
(unloading the soil mass), stage 3 — reinforced concrete lining)

Fig. 4 shows the characteristic total vertical stresses (oz-) KN/m?.

A classical geostatic distribution is observed in which stresses increase with depth (from
red at the top to blue at the bottom), stress concentrations are noticeable on the sides, and
above and below the tunnel the stresses are somewhat lower due to the unloading of the soil
mass. The maximum compressive stresses at the bottom are about 1762 kPa (1.76 MPa).
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SOLID STRESS
S-ZZ TOTAL , kNfm~2

-1,7015%+01

I 6.8%
-1.62428e+02

5.7%
-3.07841e+02

8.0%

4.53253e+02
5.98666e+02
9.1%

-7.44078e+02
11.1%
-8.89491e+02
15.7%
-1,03490e+03
11.4%
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Fig. 4. Distribution of total vertical stresses

Figure 5 shows the hydrostatic pressure, which increases linearly with depth, the
pressure varies from 0 at the surface to approximately 353 kN/m? at the lower boundary
of the calculation area. The contours of the isofields are slightly curved around the
tunnel lining, which indicates that the lining acts as a waterproof barrier, changing the
natural filtration flow.

SOLID STRESS
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+9,37703e-01

11.4%

z -2,85604e+01
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1%
-1,46553e8+02
7.7%
e -1,76051e+02
4%
-~ =2,05549e+02
2.3%
—e2,350470+02

9.1%
- =2,64545e+02

Fig.5 Hydrostatic pressure

Critically important for assessing stability is the determination of plasticity zones
(Fig. 6). Red color shows the zones where the strength limit according to the Mohr-
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Coulomb criterion is reasonably reached and passes into a plastic state (destruction).
They are concentrated in the "shoulders" of the tunnel and in the tunnel invert. This
explains the large value of the heaving in Fig. 2. Blue color indicates the unloading
zones of the soil mass.

Fig. 6. Plastic zones around the tunnel

The calculation shows that the main problem for this type of lining and given
conditions is the instability of the invert (bottom) and the formation of significant zones
of plastic deformation in the lateral parts. The selected reinforced concrete lining takes
up a significant portion of the load, but the surrounding soil mass requires additional
strengthening measures to minimize the zones of base failure.

Conclusions. The use of the Midas GTS NX software package allows for high-
accuracy prediction of changes in the stress-strain state of the soil mass, taking into ac-
count complex conditions (water saturation, nonlinear soil properties and staged work).

Modeling showed that when building tunnels in soft water-saturated soils of Kyiv,
the main risk is not only surface settlement, but also intense heave of the tunnel invert
(up to 10.9 cm), which is caused by unloading the soil mass and the transition of the
soil under the tunnel to a plastic state.

It was established that plastic zones are concentrated in the tunnel haunches and
the invert. This indicates that the reinforced concrete lining operates under conditions
of significant uneven pressure, which requires careful calculation of its reinforcement.

Hydrostatic pressure significantly affects the distribution of stresses, and the tunnel
lining acts as a barrier that changes natural filtration. This confirms the need to design
reliable waterproofing and take into account additional water pressure on the lining.

To ensure the stability of tunnels in such conditions, it is recommended to provide
for measures for proactive strengthening of the face or grouting of the surrounding soil
mass, especially in the tunnel invert, to minimize plasticity zones and prevent excessive
deformations.
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AHOTANIA
Merta. OuiHka Ta IpOTHO3HMI aHali3 HampyskeHo-AedopmoBanoro crany (HZC) rpynToBoro ma-
CHBY 1 KOHCTPYKTUBHHUX €JIEMEHTIB OIPABJICHHS TYHEIIO METPOIOJITEHY, IO CIOPYIKYEThCA Y
CKJIaJHMX TifporeosioriyHux ymoBax Kuea (30kpeMa, y BOJOHACHUEHHUX TTIMHUCTUX IPYHTAX), IS
MiHiIMi3ali] eKCIUTyaTallifHUX PU3UKIB Ta 3a0€3Me4YeHHs CTINKOCTI Mi3eMHHX CIIOPY/I.

MeToanka. Po3paxyHOK BUKOHAHO METOJIOM YMCEIIbHOTO MOJIETIOBAaHHS HA OCHOBI METO/Y CKIHUEH-
Hux enementiB (MCE) y nporpamuomy komruiekci Midas GTS NX. ¥V nocnigkeHHI BUKOPUCTaHO
HEJIHIHHY NPYXHO-TUIAaCTHYHY Mojaelb Mopa—KyioHa 171 onucy NOBEIIHKH IPYHTY 3 ypaxyBaHHSAM
(bi3MKO-MEXaHIYHUX XapaKTEPUCTHK MacuBy. MoJIe/IOBaHHs nependayae BpaxyBaHHs MOETATHOCTI
IIUTOBOI MPOXOJKH, TIPOCTATUYHOIO THCKY MOPOBOI BOJIM Ta B3AEMOJIl CUCTEMH «IPYHT—OIpPAaB-
JICHHS» Yepe3 KOHTAKTHI eJIeMeHTH. J{J1s1 BUKITIOUCHHSI KpalloBUX €(DeKTiB 3aaHO0 pO3paxyHKOBY 00-
JaCTh, 110 3HAYHO MEPEBHILYE AiaMETpP TYHEIIO.

PesyabTaTn. BecranoBieHo XxapakTep Hmepepo3noaily HamnpyXeHb 1 Jedopmaiiid HaBKOJIO TYyHEIIO
niamerpoM 6 M Ha rmuOuHI 20 M. 3HaUeHHS MaKCHUMAaJbHUX BEPTUKAJIBHUX NEpPEMIIEHb y JIOTKY
TYHENIO0 (3AuMaHHs) cTaHoBIATH +10,9 cM, TOA1 K OCimaHHS 3eMHOI MOBEPXHI Ha/l CKICHIHHAM 3a-
¢ikcoBano Ha piBHI 4,8 MM. MakcuMainbHI cyMapHi BepTUKaJIbHI HANPY)KEHHS B HIDKHINA 4acTHHI
Mozeni nocsraioTh 1762 xlla. AHami3 MOpoBOTO THUCKY MOKa3aB HOro JiHIHHE 3pOCTaHHS JI0
353 xH/m?, mpu bOMY OTpaBJICHHS TYHEII0 BUKOHYE (DYHKIIIIO BOJOHETIPOHUKHOTO 6ap'epa. BuzHa-
YEHO IJIACTUYHI 30HU, CKOHIICHTPOBaHI B OOKax CKJICHIHHS Ta JOTKY TYHEJIIO, 1[0 CBITYUTH IO T1e-
pexif IpyHTY B TPAaHUYHHUNA CTaH y IIUX 30HAX.

HaykoBa HOBHM3HA. BCTaHOBJIEHO 3aI€KHOCTI MK TiPOT€OJOTIYHUMH YMOBAaMH Ta XapaKTepoM
(dbopMyBaHHS 30H IJIACTUYHUX JleopMalliid Ui TyHENIB MUJIKOTO 3aKiageHHs B ymoBax Kuesa. Jlo-
BEJICHO, 1110 Y BOJOHACHYEHUX TJIMHUCTUX MAacUBaX OCHOBHHUM Jie(OpMalliifHUM YUHHUKOM € 1HTCH-
CHBHE 3[JUMaHHS JIOTKA BHACIIOK PO3BAaHTAXKEHHS, SIKE TepeBaykae Ha/l OCITaHHAM MoBepxHi. OTpu-
MaHO HOBI JIaH1 1010 KOH(Iryparii MIacCTUYHUX 30H MACHUBY 32 YMOB OJJHOYACHOT'O BIUIUBY BJIACHOT
Baru I'pyHTY Ta T1IPOCTATUYHOTO TUCKY.
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IpakTuyHa 3HauMMicTb. OTpuMaHi PO3PaxyHKOBI JaHi JO3BOJSIIOTH HA CTajii NPOEKTYBaHHS
OOrpyHTOBAHO OOHMpaTH MapamMeTpu apMyBaHHs 3a1i300€TOHHOTO OTIPABJICHHS Ta MPUAMATH PILICHHS
110710 HEOOX1THOCTI TOJATKOBOTO 3aKpiIUIEHHsSI HABKOJIMIITHBOTO IPYHTOBOTO MacuBy. Lle nmae 3mory
CYTTE€BO 3HM3UTH PHU3HMKH MIATOIUICHHS Ta HEPIBHOMIpHUX Jedopmariii TyHeniB, 3a0e3neuyrouu
HaJliiiHe QYHKI[IOHYBaHHS TPAHCHIOPTHOI iHYPACTPYKTYPH MICTa B YMOBAX 3pOCTAIOYNX HABAHTAKCHb.

Kniouogi cnoea: myneno mempononimeny, HAnpysiceHo-0eqhOpMOBAHULl CIAH, YUCETbHEe MOOelt0-
8anHs, memoo ckinuennux enemenmis, Midas GTS NX, modenv Mopa—Kynona, myavoa ocioanms,
2eomexaHiuna besnexa.
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