International Journal of GEOMATE, Nov., 2024 Vol.27, Issue 123, pp.83-91
ISSN: 2186-2982 (P), 2186-2990 (O), Japan, DOL: https://doi.org/10.21660/2024.123.4668
Geotechnique, Construction Materials and Environment

GROUND SURFACE RESPONSE TO THE TRANSPORT LOADS IN
THE TUNNEL REINFORCED WITH A THREE-LAYER LINING

Svetlana Girnis', Vitaliy Ukrainets', Larisa Gorshkova',*Olga Vyshar! and Fariza Auesheva!
! Faculty of Architecture and Construction, Toraighyrov University, Kazakhstan
*Corresponding Author, Received: 04 Aug. 2024, Revised: 08 Oct. 2024, Accepted: 09 Oct. 2024

ABSTRACT: Based on mathematical modelling, effective methods have been developed for studying the
dynamics of tunnels under transport loads (from an object moving through the tunnel). For a tunnel with a
circular three-layer lining, such a method has only been developed in the case of a deep-buried tunnel. This
article focuses on a similar shallow-buried tunnel, modeled as a circular cylindrical three-layer shell, composed
of a thick middle layer (filler) and thin outer layers (cladding), embedded in an elastic half-space. The horizontal
boundary of the half-space (the ground surface) is parallel to the shell axis. The motion of the filler and the half-
space is described by the dynamic equations of elasticity theory in Lamé potentials, while the motion of the
cladding layers — by the classical equations of shell theory. The equations are represented in a moving coordinate
system associated with a uniformly moving load along the inner surface of the shell. Based on the obtained
solution and numerical experiments, the stress-strain state of the ground surface was investigated under the
influence of a transport normal load acting symmetrically relative to the vertical diametral plane of the tunnel on
the three-layer steel-concrete lining, as well as when the intensity of one of its symmetric halves was doubled.
This asymmetric load distribution leads to significant changes in the displacements and stresses of the ground
surface, with horizontal displacements increasing by more than an order of magnitude. Thus, the transport load
must be symmetrical in the operation of shallow-buried tunnels in urban areas.

Keywords: Tunnel, Elastic half-space, Three-layer shell, Transport load, Stress-strain state.

1. INTRODUCTION dynamics of a shallow tunnel, whereas the second
problem considers the dynamics of a deep tunnel.
The engineering of shallow tunnels has the effect The question of the permissible proximity of
of reducing both the cost and the time required for buildings and structures to shallow tunnels can be
construction.  Nevertheless, the  operational addressed by investigating the first problem. Once
experience of such tunnels in wurban areas the second problem has been solved, it is possible to
demonstrates a notable surge in the intensity of determine the distance from the tunnel at which the
vibrations in buildings and structures located in impact effect of transport loads on the surrounding
close proximity to their route, predominantly massif will be insignificant. This will allow
attributable to transport loads. It can be reasonably recommendations to be made regarding the optimal
deduced that exceeding the permissible norm level depth of its embedment [2].
of vibrations established for buildings will result in The widespread use of closed circular cylindrical
their unsuitability for habitation. Furthermore, the homogeneous and multilayered shells in tunnel
vibrations have an adverse impact on a number of structures raises the issue of studying elastic media
high-precision technological processes and on with cylindrical cavities of circular cross-section.
human health. In light of these considerations, it is The model transportation problem, as it pertains to a
imperative to ensure the adequate reliability of all circular deep tunnel, was previously considered in
components of the underground structure, while [3,4] and numerous other papers. This problem
concurrently addressing the issue of permissible concerns the effect of a transport load moving with
proximity to surface structures [1]. constant velocity on an infinitely long circular
Consequently, the study of the dynamics of cylindrical thick-walled or thin-walled homogeneous
tunnels subjected to transport loads represents a shell in elastic space. A comparable issue was
significant  engineering challenge, which is addressed in the context of a multilayered (three-
addressed through the application of a modeling layer or two-layer) shell comprising rigidly
research approach. The primary models employed to interconnected concentric layers with different
investigate the dynamics of tunnels subjected to physical and mechanical properties, as discussed in
transport loads are those pertaining to the dynamic [5 =7]. In [5], the stress-strain state (SSS) of a three-
behavior of an elastic half-space (the first problem) layer elastic shell (with a thick middle layer and thin
or eclastic space (the second problem) with a outer layers) was studied; in [6], the SSS of a two-
reinforced extended cavity undergoing movement layer elastic shell (with a thick inner layer and a thin
along its axis. The first problem deals with the outer layer); and in [7], the SSS of a two-layer
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elastic shell (with a thin inner layer and a thick outer
layer), with the SSS of the elastic medium
surrounding these shells also analyzed. In all these
articles, the motion of the thin shell layers was
described by the classical equations of shell theory,
while the motion of the thick layers and the
surrounding elastic medium was described using the
dynamic equations of elasticity theory in vector
form.

In the case of shallow tunnels, the solution to the
model transportation problem becomes significantly
more complex due to the notable deformation of the
ground surface and its impact on the stress
concentration in the surrounding area of the structure
during the diffraction of reflected waves. The
number of scientific works published on this issue is
relatively limited, particularly [8 — 18]. Articles [8 —

17] examine the effect of a moving load on a
circular cylindrical homogeneous shell located in an
elastic half-space. In article [8], the motion of the
shell under the influence of a uniformly moving load
of an arbitrary type was described by the classical
equations of shell theory, while in article [9], the
dynamic equations of elasticity theory in vector form
were used, which were also used to describe the
motion of the elastic half-space. Numerical studies
were conducted to analyze the effect of a moving
normal load on the shell. In articles [10—12], a
similar problem to [8] was examined, but under the
influence of uniformly moving loads of various
types: axial tangential load [10], axial tangential and
normal loads [11], as well as torsional and normal
loads [12].

In works [13, 14], a closed-form semi-analytical
solution is presented for vibrations caused by a
moving point load in a tunnel reinforced with a
homogeneous lining embedded in a half-space. The
tunnel lining is modeled as an elastic hollow
cylinder, while the surrounding ground is treated as
a linear viscoelastic material. The total wave field in
the half-space with a cylindrical cavity is
represented by outgoing cylindrical waves and
downward-propagating plane waves. Unlike [13,
14], article [15] investigates the vibrations of the
same tunnel in an elastic half-space subjected to
uniformly distributed dynamic pressure. Assuming
plane strain, the equations of motion for the tunnel
lining and the surrounding medium are reduced to
two wave equations in polar coordinates using
Helmholtz potentials.

In article [16], an analytical method is presented
for calculating ground vibrations from a tunnel in a
multilayered half-space. Using the transfer matrix
method, the dynamic matrix of the system is
obtained for multilayered soil overlying a half-space
or bedrock. The tunnel is coupled with the
multilayered soil through transformations between
cylindrical and plane waves. The proposed method
provides a highly efficient tool for predicting
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vibrations caused by underground railways.

In article [17], a new two-dimensional (2D)
semi-analytical method is proposed for calculating
ground vibrations from a tunnel located in a
homogeneous half-space with an irregular surface.
The circular tunnel is represented as an elastic body,
while the soil is modeled as an elastic, isotropic, and
homogeneous half-space with an irregular surface. A
virtual horizontal interface is introduced to divide
the soil domain into an irregular section with an
arbitrary surface shape and a half-space with a
circular cavity. The scattered wave field from the
irregular surface is modeled using a boundary
integral equation.

The effect of a moving load on a circular
cylindrical two-layer shell situated in an elastic half-
space, whose model was presented in [6], is
examined in [18].

In this paper, the structure of shallow tunnel
lining is modeled as an extended circular cylindrical
shell consisting of three concentric layers: a thick
middle layer (filler) and thin outer layers (cladding).
It is assumed that the contact between the shell and
the surrounding medium, as well as between the
layers of the shell, is rigid.

Due to the widespread use of three-layer shell
linings in tunnel construction in recent years [19],
and the lack of adequate dynamic calculations for
such structures and the ground surface above them
under transport loads, the research conducted in this
paper is both important and timely.

The study conducted in this article differs from
the earlier research on a deep tunnel reinforced with
a three-layer lining [5] in that it takes into account
the impact of waves reflected from the Earth's
surface, which arise under transport loading, on the
tunnel and the surrounding soil mass, and also
includes the calculation of the SSS of the Earth's
surface. Accounting for this effect leads to more
accurate results in calculating the SSS of the tunnel
lining and the surrounding soil mass compared to
[5].

The objective of the research:

- to provide an analytical solution to the problem
and to develop computer programs based on this
solution to study the dynamics of a shallow tunnel
supported by a three-layer lining, corresponding to
the model adopted in this paper, under stationary
transport loads;

-to numerically investigate the SSS of the
ground surface under the influence of various types
of transport loads on the three-layer tunnel lining.

The problem formulation and solution are
outlined in the Results section. In the same section,
the results of the numerical experiments are
presented and subsequently analyzed in the
Discussion section. The methodology employed in
the study is delineated in the Methods section. The
Conclusion section presents a synthesis of the
findings from the research project.
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2. RESEARCH SIGNIFICANCE

The solution obtained and the computer
programs developed on its basis permit the study of
the dynamics of the rock body and the ground
surface along the route of a tunnel supported by a
three-layer lining at varying depths of embedment
and different speeds of transport for loads of various
types. The speed and type of transport loads exert a
significant influence on the dynamics of the ground
surface. This must be taken into account, for
example, in the construction of subways, especially
in light of the current era of rapid growth in high-
speed rail transport. By selecting the appropriate
materials and thicknesses for the tunnel lining layers
at a given shallow depth, it is possible to reduce the
vibration of the ground surface along the tunnel
without compromising the accepted transportation
speed. This can help to mitigate the negative effects
that ground vibrations have on the seismic stability
of nearby buildings and structures.

3. METHODS

The study presented in this paper employs the
mathematical modeling approach based on the
theory of elasticity [2]. The tunnel is represented as
an infinitely long, circular, cylindrical, three-layer
elastic shell situated in a homogeneous, isotropic,
and linearly elastic half-space that is parallel to its
horizontal boundary. Initially, the load, which moves
uniformly with subsonic velocity along the inner
surface of the shell, is assumed to be sinusoidal
along the shell axis with an arbitrary dependence on
the angular coordinate. In order to address the issue,
the method of incomplete separation of variables
[5-09, 18] is put forth as a potential solution. The
solution for the Lamé potentials is presented as a
superposition of Fourier-Bessel series and Fourier-
type contour integrals. Furthermore, the method of
decomposition of potentials into plane waves and
decomposition of plane waves into series on
cylindrical functions is employed [8,9, 18].
Subsequently, the solution obtained is employed to
solve the problem of the impact of an aperiodic
moving load of arbitrary type on the given shell.

4. RESULTS

4.1 Formulation and Analytical Solution of the
Problem

Figure 1 depicts the design scheme of a three-
layer tunnel with a depth of 4, supported by a three-
layer lining in a homogeneous and isotropic medium
(body). This body is a linear-elastic half-space, as
defined by the fixed Cartesian x, y, z and cylindrical

&5

r, 0, z coordinate systems. The z-axis is aligned with
the shell axis, while the x-axis is perpendicular to the
boundary of the half-space (ground surface). The
outermost thin layers of the shell (cladding) with
radii of the medial surfaces R: and R: and
thicknesses /01 and /o2 are rigidly coupled with the
middle thick layer (filler) and the surrounding elastic
medium. Given the thinness of the lining layers, it is
reasonable to assume that they are in contact with
the filler and the surrounding body along their
medial surfaces.

)
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Fig. 1.

A three-layer shell in an elastic half-space

The physical and mechanical properties of the
materials comprising the shell filler and the
surrounding body are characterized by the following
constants: v — Poisson’s ratio, pix — shear modulus,
pr — density (k=1,2), where index k=1 refers to
the body, k=2 — to the shell filler. In regard to the
physical and mechanical characteristics of the
materials constituting the shell lining layers, the
following designations are employed: vox — Poisson's
ratio, por — shear modulus, pox — density (k= 1, 2).
Here the index k=1 refers to the outer lining layer,
and k= 2 — to its inner layer.

A load of intensity P moves along the inner
surface of the shell in the direction of the z-axis with
a constant velocity ¢ (less than the velocities of shear
wave propagation in the shell filler and the
surrounding body).

Since a steady-state process is under
consideration, it is appropriate to employ the moving
Cartesian xy,n=z-ct) and cylindrical

(r, 0, =2z - cf) coordinate systems (Fig. 1), which
move together with the loads.

To describe the motion of the outer layer (k= 1)
and the inner layer (k = 2) of the shell cladding, it is
necessary to employ the classical equations of shell
theory. In the moving coordinate system, these
equations take the form [5]
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where uojx are the components of displacement of the
points of the median surfaces of the shell lining
layers; gra=o0;2 (r=R2), qi=o0c5n (F=R),
gjr1 = o1 (r = R1) are the components of the reaction
of the shell filler and the body; 1, ;2 are the
components of stress tensors in the body and shell
filler; g = P16, n); P10, n) are the components of
the load intensity P(6, 1);j =, 6, r.

The motion of the body (k=1) and the shell
filler (k=2) will be described by the dynamic
equations of elasticity theory in vector form
presented in the moving coordinate system [5—
7, 9, 18]

(]\41%2 _Mxkz )grad diVllk +Mxk2vzuk = aZ“k/aﬂz 5 (2)

where M = c/cpk, Misk = clesk; €, = (7&,; + zuk)/pk )

¢, =4/, /p, are dilation-compression and shear
wave propagation velocities, A, =2u,v, /(1-2v,),
V2 — Laplace operator, ux — point displacement
vectors.

If the vectors ux are expressed in terms of the
Lamé potentials o (j=1,2,3, k=1,2) [5-7,9,
18]

(€)

u, =grado, + rot((p2ken)+ rot rot((psken ),

it follows from (2) and (3) that @u satisfy the
equations

Vi, =M. ¢,/on, =123 k=12.(4)

Here e, is the unit vector of the n-axis, Mix = Mp,
Mok = Mzic = Msk.

The potentials @i are employed to express the
components of the stress tensors o« in the body
(k=1) and the shell filler (k=2), which are related
to the components ui of the displacement vectors ux
by Hooke's law ([, m =r, 6, n, k=1,2; [, m =x, y, n,
k=1).

Thus, to determine the SSS components of the
body and the shell filler it is necessary to solve
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Egs. (4) in accordance with the following boundary
conditions:

-whenx=h o  =o  ,=0c_  =0; (%)
-whenr=Ri u, =u, s u,=u,,

. ©)
-whenr=R2 u,=u,,, j=r,0,n.

We will first examine the impact of a load
moving sinusoidally with respect to 1 on the shell

o) 0k zp
Po)=p 0,

ZP.e"”e,j =r,0,m.

()

In a steady state, the dependence of all variables
on 1 has the form (7), thus

Ojk en Zuﬂj/\ ’Cn’j=r’evn7k:172’ (8)
0, (r0m) =, (0)™, j=1,2,3 k=1,2. (9
Substituting (9) into (4), we obtain
VD, -m&®, =0,;=123 k=12 (10)
where m, =,/1- M,k My =m, My =M, =m,

V2 — two-dimensional Laplace operator.

By employing the (9), we can derive expressions

for displacements , and stresses o,

(I, m = r, 6, ) within the body (k = 1) and shell filler
(k=2), as well as u;,, ,, (/, m =x, y,n) within the

body, in response to a sinusoidal load (7) as a
function of the ®j (* means that these components
correspond to the case of a sinusoidal moving load
(7) affecting the shell).

Since ¢ < csk, Msk <1 (k=1, 2) and the solutions
of Egs. (10) can be formulated as [18]

(11)

®, =Y DS, =123 k=12,

where:
- for the body

OV =>a, K (kA r)e‘“e
J nj=mn 7)1 4

n=-on

D = jg, &,C)exp (lyf;+(x my&* +k,l)

- for the shell filler
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Here, K (k ), 1,(k,7) — Macdonald functions and

mjlé s k 2 mjzé 5
anl, ...,anm, g(&,C) are unknown coefficients and
functions, j =1, 2, 3.

In the Cartesian coordinate system, the

expressions for the potentials ®;1 (11) will take the
form [18]

modified Bessel functions, &, =

j Za(D+

jn—ao

+g (.0 |, (12)

where

f=Je vk, o, =[cr s )r b =123,

From the boundary conditions (5) rewritten for
* . (m=xym), using (12), we express the

functions gj(€,0) through the coefficients ay
(j=1, 2, 3). By extracting the coefficients at e”* and
equating them to zero, we obtain a system of three
algebraic equations, from which we find

*
(e}

I &
g./(é’ C) = A_ZAﬂe " Z a/zchnI (13)
= s

The form of determinants A, and A", coincides with

similar determinants in the case of an unsupported
cavity in an elastic half-space and is defined in [8],
where it is proved that A,(&,¢) does not approach

zero if ¢ <cr, where cr is the velocity of Rayleigh
surface waves in the half-space [20].

When ¢ < cr, the relations (12), considering (13),
will take the following form

D, ]12]( ;wa O, +

3 A ©
(x=h)f; il —hf; iy
+e" —e a,®  le™dC.
nl nl
1=1 A* n=-ou

In the cylindrical coordinate system, when
c <cr, the expressions for the potentials ®;1 (11),
considering (13), will take the form [18]
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Let us substitute the relations found in the
cylindrical coordinate system for the potentials ®;x
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into the expressions for displacements 4, and
stresses <, , (/,m =r, 0, n) in the body (k=1) and

shell filler (k=2). Then only the coefficients a1,
., ano are unknown in these expressions.

By substituting (8) into (1) and solving the
resulting system of equations for the n-th term of the
expansion with respect to uom#, uonor, and uonrk, ONE
can obtain the expressions for these variables, which
are presented in [5].

To determine the coefficients an1, ..., an, it is
necessary to employ the boundary conditions (6),
which have been rewritten for », (/=70 n;
k=1,2).

By substituting the corresponding expressions
into (6) and equating the coefficients of the Fourier-
Bessel series when €™, an infinite system of linear
algebraic equations (n=0,=+l,+2,...) is obtained.
The system can be solved using the method of
reduction or the method of successive reflections
[8], which is more convenient for solving the
problem at each successive reflection. This method
allows the solution of a system of linear equations of
block-diagonal form with matrices of size 9x9 and
determinants An(&, ¢) along the main diagonal.

When a uniformly moving aperiodic load of the
form P(O,m)=p(O)p(m) (which is typical for
vehicles) affects the shell, it is expressed, as well as
the SSS components of the body and the shell filler,
in the form of Fourier integrals

P(0,n)= % TP" (0,8)e“de = p(6)p(n) =

—o0

- p0) - j P (€,

-0

P,(8.,n)=—— | PI(0.8)e"'de = p, (0)p(n) =

- p. 05 [ p (e

@

0, (r.0,m) = zln [ (0.0 (),

” (14)
0., (0. === [ 01, (r.0.2)p (e
2n ¥,
Here /=r,0,n, m=r,0,n, k=1,2;

- Tp(n)e"“dn.

Any numerical integration method can be
employed to calculate displacements and stresses
(14) if for each wvalue of n=0,£1,+2,...
An(E,c)#0. As shown by the studies of the
determinants Au(E, ¢), it is sufficient for this to
happen if the velocity of the loads is less than its



International Journal of GEOMATE, Nov., 2024 Vol.27, Issue 123, pp.83-91

critical velocities cm* (¢ < c@my*), which may be less
than the Rayleigh velocity of the surface waves. The
values of cu* depend on the number n and are
determined from the dispersion equations
An(E,c)=0 as minima of the dispersion curves
corresponding to these equations from c¢~&.
Furthermore, the minimum critical velocity is
observed to occur when n = 0 (min ¢y = co)*) [8].

4.2 Numerical Experiments

We will consider a tunnel supported by a three-
layer steel-concrete lining with a depth of
embedment #=6m in a rock body with the
following characteristics: p1=1.5-10% kg/m?,
vi=0.294, p1=p=1.0935-108 Pa. The calculation
parameters for the tunnel lining are as follows: the
middle layer (filler) is concrete (p2 = 2.5-10° kg/m?,
v2=0.2, p2=1.21-10'° Pa [21]) shell with surface
radii. R1=3.0m, R2=R=2.5m; the outermost
layers (cladding) are thin-walled steel shells
(vo1 =vo2=10.3, ot = poz = 8.08:10'° Pa,
po1 = po2 = 7.8:10°kg/m?). The thickness of the
shells is /01 = ho2 = 0.02 m.

The transport normal loads of intensity P,
shown in Fig. 2, move along the tunnel with velocity
¢ =100 m/s. The loads are uniformly distributed
along the n axis in the interval |n| < /o =0.2 m.

X

60° 60°

P

/

Fig. 2. A load moving through the tunnel

Two cases of tunnel loading will be considered:
symmetric and asymmetric.

In the first case, it will be assumed that the load
intensity is constant over the entire surface of its
application, i.e. P-= P’ (Pa).
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In the second case, the intensity of the load is
uniformly distributed along the angular coordinate to
the left of the vertical diametral plane of the tunnel
and is therefore twice the intensity of the same load
applied to the right of this plane, i.e. when
90°<0<150° P.=P°; when 210°<0<270°
P,=2P.

The numerical studies of the dispersion equations
corresponding to this case have demonstrated that
there are no critical velocities within the subsonic
velocity range of the load.

The following notations will be introduced
(index k=1 in the displacements and stresses
designations is omitted): U’y = ux/P’(m),
u'y = /P’ (M), 6y = Gp/P’, Gy = o/

Tables 1 and 2 present the results of calculating
the SSS of the ground surface (x=/%) in the xy
(n = 0) coordinate plane, when the tunnel is loaded
with both symmetric and asymmetric transport
normal loads. According to the data in Tables 1 and
2, the curves for the variations of u’x, u’, Gy, Gnn
of the ground surface in the xy-coordinate plane are
presented in Figures 3 —6. The first set of curves
(Curves 1) correspond to the case of symmetric
loading of the tunnel by transport loads, while the
second set of curves (Curves 2) correspond to the
case of asymmetric loading.

Table 1. The SSS components of the ground surface
in the xy coordinate plane when the tunnel is loaded
with symmetric transport normal loads

Com /R
SSSp. 00 -02 -04 -06 -08 -1.0 -1.2 -14 -1.6
) 02 04 06 08 10 12 14 1.6
u' <100 -0.96 -0.96 -0.92 -0.92 -0.92 -0.88 -0.88 -0.84 -0.84
* 10° 00 0.16 0.28 0.36 0.44 0.48 048 0.44 0.40
uy 7 -0.16 -0.28 -0.36 -0.44 -0.48 -0.48 -0.44 -0.40
G yx10° -1.68 -1.64 -1.48 -1.28 -1.04 -0.80 -0.60 -0.44 -0.32
G qx10° -3.20 -3.16 -3.04 -2.88 -2.72 -2.52 -2.32 -2.16 -2.04

Table 2. The SSS components of the ground surface
in the xy coordinate plane when the tunnel is loaded
with asymmetric transport normal loads

Comp. /R
sss 0o 02 04 06 -08 -10 -2 -l4 -L6
Y02 04 06 08 1.0 12 14 16
\ 144-144-144 -1.40 -136 -1.32 -1.32 -1.28
wx100 =144 170 1740136 <132 -128 -124 -1.24 -1.20
Wx100 -0,68 068 -0:64-0.60 -060 056 -0.56 0.56 -0.56
0% 0.72-0.72-0.72 -0.72 -0.72 -0.72 -0.72 -0.68
R 2.84-2.80-2.56 -2.20 -1.76 -1.32 -0.92 -0.60
Gpx107 2,68 ;535 184-132 -088 -056 -032 -020 -0.20
. 496 -4.88-4.72 -4.44 -4.12 -3.80 -3.48 -3.20
omx107 488 4 o4 436400 -3.68 -3.40 -3.12 -2.96 -2.84
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u°x10?
-1.2 -0.8 -0.4 0 04 0.8 1.2 yIR
1 -0.8
2 -1.2 —
Fig. 3. Displacements u'x of the ground surface in the xy coordinate plane
on' 108
— e 0.4
—~—
1.2 -0.8 04] 0.4 0.8 1.2 yIR
-0.4 i
Fig. 4. Displacements u’y of the ground surface in the xy coordinate plane
Goyy' 108
-1.2 -0.8 -0.4 0.4 0.8 1.2 yIR
e — /,/
\\\ -0.8 /, 1 | —
\ ~—_ 1
\~<2 2.4 ,/
~ /
Fig. 5. Stresses 6 yy of the ground surface in the xy coordinate plane
Oonq' 108
-1.2 -0.8 -0.4 0.4 0.8 1.2 yIR
\ /
\\ 1 2.0 — — |
\\ - L—
\\ . "
N -3.6 ~
~2 ol
- L
— 4.4 |

Fig. 6. Stresses 6y of the ground surface in the xy coordinate plane

5. DISCUSSION

The analysis of the calculation results reveals
that vertical displacements of the ux points
(deflections) of the ground surface occur in a

downward direction (in the
transport

symmetrical

loads or

the

direction of the
vertical

component of the asymmetrical transport loads).
Furthermore, the stresses ), and oy in these points
are compressive (Fig. 3,5, 6). When the tunnel is
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loaded with symmetrical transport loads, the curves
of changes u’x, Gy, G nq of the ground surface
exhibit a symmetrical pattern with respect to the x-
axis, reaching their maximum values when y=0.
That is, at y=0 |ux]=maxX|us|, |oy|=max|cy),
|onn| = max|oyn|. As the value of |y| increases, the
values of |ui|, |Onn|, |0y decrease. In the case of
asymmetric transport load (when the intensity of the
left half of the symmetrical transport load increases
twice), the symmetrical nature of the ground surface
variation curves u’x, Gy, G is disrupted. The
largest deflection increases by 1.5 times, max|cyy| by
1.55 times (y =- 0.2R), and max|c,, | by 1.69 times
(y=-0.2R). It is important to note that when the
intensity of a symmetric load is increased by a factor
of 1.5, that is when its resultant is equal to the
vertical component of the resultant of the
asymmetrical load, the values of components of the
ground surface SSS ux, 1y, oy, oy Will also increase
by a factor of 1.5.

As follows from Fig.4, when the tunnel is
subjected to a symmetric transportation load, the
horizontal displacements of the u, points (shears) of
the ground surface, when y <0, occur to the right,
and when y >0, they occur to the left (when y =0,
uy=0). Symmetric points relative to the x-axis
exhibit the same displacement. As |y| increases from
0 to 1.1R, the values of |uy| increase (at [y|=1.1R
|uy| = max|uy|). However, as |y| continues to increase,
the values of |uy| begin to decrease. In the case of an
asymmetric transport load (with the intensity of the
left half of the symmetric transport load doubled),
horizontal displacements u, of all points on the
ground surface occur to the left (in the direction of
the horizontal component of the resultant of this
load), and max|uy| increases by a factor of 15
(Table 2).

6. CONCLUSION

A model problem is solved to study the dynamics
of a shallow tunnel supported by a three-layer lining
under steady-state transport loads. Unlike similar
works, where the rock body is represented as an
elastic space, this paper provides it as an elastic half-
space.

The authors conducted numerical experiments
using developed computer programs to examine two
scenarios of loading a shallow tunnel supported by a
three-layer steel-concrete lining (comprising a thick
middle concrete layer and thin outer steel layers)
with a uniform, normal load moving along its lower
half. The loading was considered both symmetric
with respect to the vertical diametral plane of the
tunnel and asymmetric. The numerical values of the
SSS components of the ground surface in the plane
normal to the tunnel axis, passing through the centre
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of the moving load, were obtained. The results of the
calculation are subjected to analysis, which reveals
that as the intensity of the half-symmetric load
increases, the nature of the changes in displacements
and stresses on the ground surface undergoes a
transformation, with their extreme values also
demonstrating a corresponding increase. The most
notable increase is observed in the horizontal
displacements. It is, therefore, necessary to ensure
that the transport loads in the tunnel have a
symmetric form relative to its vertical diametral
plane in order to avoid unacceptable displacement of
the ground surface during the operation of a shallow
tunnel in urban development conditions.

The mathematical model of the dynamics of a
shallow tunnel supported by a three-layer lining
under transport loads, developed and presented in
this paper can be utilized by design engineering
organizations with a specialization in the field of
metro and tunnel engineering.

It should be noted that the obtained solution can
only be applied in the case of thin shell linings, for
which the classical equations of shell theory are
valid in describing their motion. Otherwise, their
motion should be described by the dynamic
equations of elasticity theory, which defines the
direction for future research.
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