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Abstract. This work examines vibrations of the ground surface at blasting work on the
construction of tunnels. To estimate the levels of vibration of the ground surface under explosive
action inside a cylindrical cavity, to a first approximation we consider the plane problem of the
theory of elasticity. As a result of this impact, longitudinal and transverse waves will propagate in
the soil. To solve the problem, the reciprocity theorem is applied, for dynamic problems of the
theory of elasticity, and the results obtained are compared by wave dynamics methods. The main
goal of the work is to determine the stressed deformed state of pipelines under the influence of
seismic waves. The resulting solution allows us to determine the levels of vibrations of the soil
surface that occur during explosive effects inside the cylindrical cavity of the elastic half-space.
The results can be used to assess the levels of ground surface vibrations that occur during the
construction of shallow tunnels using the drill-and-blast method.
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Introduction. To perform a computational analysis of the dynamic state of an underground
pipeline, it is considered as cylindrical bodies located in an elastic medium [1,2]. The blast load can be
described by a difference in form [3]. When solving the problem, the plane problem of elasticity theory
1s mainly used [4,5]. The calculation uses the finite element method in the form of displacements [6,7].
The displacements of the nodal points of the finite element model are taken as the main unknowns. At
the same time, to increase the efficiency of calculations, methods were used that take into account the
features of matrix operations (symmetry of matrices, the presence of a large number of zero elements,
etc.). The entire mass of the pipeline is considered concentrated in the nodes of the calculation model,
while the distributed mass of the segment is divided equally between its beginning and end [8,9].
Calculations for seismic impact are performed in many works using the dynamic analysis method or
the linear-spectral method [10,11]. In the case of calculations for one group of spectra, the displacements
of all fixed nodes of the calculation model are considered the same (the “rigid” platform hypothesis). In
this case, the seismic load can be specified for three mutually perpendicular directions in the form of
accelerograms or response spectra [12,13]. This work, unlike others, uses numerical and analytical
methods to comparatively evaluate the effectiveness.

Statement of the problem and solution methods. In underground construction and, in particular,
in tunneling, excavation in hard rock is most often carried out using the explosive method [1]. Explosive
effects are characterized by a large release of energy in a short period of time. For example, when one
kilogram of TNT explodes with a charge length of 0.25 meters, over J is released in 40 microseconds.
Stress waves propagating in the ground from the explosion site can reach the surface, which can lead to
damage or destruction of ground objects. To estimate the levels of vibration of the ground surface under
explosive action inside a cylindrical cavity, to a first approximation we consider the plane problem of
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the theory of elasticity. We will assume that as a result of an explosion inside a cylindrical cavity,
uniform pressure acts on some sufficiently long part of it
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Fig. 1. Loading diagram to determine stress deformed state

As a result of this impact, longitudinal and transverse waves will propagate in the soil. To
determine vibrations of the ground surface, we apply the reciprocity theorem and use well-known
analytical solutions to the problem of the propagation of waves in an elastic half-space under the
influence of concentrated waves applied to the surface. Let us consider two states of an elastic half-
space with a cylindrical cavity. First state (I): a concentrated force is applied to the surface of the elastic
half-space F'(¢) (Fig. 1). In order to avoid singularities, we will assume that the force is distributed over
a small area. Second state (I): the stress-strain state of the elastic half-space is created by uniform
pressure applied to the inner surface of the p(#) cylindrical cavity. To determine the displacement of

ground points during the propagation of longitudinal and transverse waves from a vertical harmonic
force applied to the surface of an elastic half-space E)em” , we use the solution of G. Miller and N.
Persey [2]:

v E) CcOS qp[l _ 252 Sil’l2 ¢)]e—ia}r/aeiwz
Ur = 2 2 . 2 5 3 . o — = (1)
2rpa r{[l — 2657 sin’ @]’ +46° sin”> pcos g[1 — 5 sin® @] }
ty =0 @)
u! —F,sinpcosp[6° —sin’ p]* e e 5

’ npﬂzr{[l —2sin’ @]’ +4sin” pcos [5” —sin’ go]”z}

where a is the speed of longitudinal waves in the soil; f - speed of transverse waves into

the ground; O = ﬁ - speed ratio,
a

P =h’+x",cosp=h/rsinp=x/r.
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To determine the displacement of ground points during the propagation of longitudinal and
transverse waves from a horizontal harmonic force applied to the surface of an elastic half-space

Goe'm , we use the solution of J. Cheney:

i G,5 cos@sinpcos g[1— 67 sin® p]'* e "“e™
u'

a 72',00521”{[1 ~267sin’ @] +48°sin® pcos [l — 57 sin’ (p]‘/z}
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(6)

Vertical vibrations of the ground surface transmitted by longitudinal waves during an
explosion in a cylindrical cavity. The average radial displacements of an unsupported cylindrical
cavity from longitudinal waves generated by a vertical force are determined by the formula

Au,, = Au, + Au, + Au,, (7)
which, after substituting expressions for average radial displacements:
b _ v h _ V2 .
Au. =— pai _ and Au, = ————pai’
E ' Tol-vE ' I-v E
takes the form:
. h v v . h
Au,, = Au, +Au, + Au, = pai = ) or Au =api )
E I-v 1-v C2u

where p is the soil shear modulus (determined by the formula: ¢ = ? P)

Using expression (1) and performing the necessary transformations, we reduce the
resulting equation to a more convenient form [4]:

v _ (iw)bF, cos p[1—257 sin® ple ™"“e
“druar{[1-26"sin’ p]' +46” sin” pcosp[1- 57 sin’ ]|

u

)

Let us denote: £ - the amplitude value of the pressure during an explosion in a cylindrical
cavity for a harmonic component with frequency @, A - the vertical movement of the ground

surface, d - the distance over which the explosion pressure extends along the cylindrical cavity,
7 - the distance from the point at which vibrations are determined to the axis of the cylindrical

cavity.
In accordance with the reciprocity theorem we have:

Zﬂde)Au; = E)Aav (10)
What follows:
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_ Pb*(iw)d cos p[1 - 257 sin” ple™"“ e
2yar{[1—252 sin® @]° +46° sin” pcos p[1 — &” sin” ]

1/2} (11)

Horizontal vibrations of the ground surface transmitted by longitudinal waves during an
explosion in a cylindrical cavity.

The parameters of horizontal vibrations during an explosion in a cylindrical cavity are
determined in the same way as vertical ones, except that instead of function (1), it is necessary to
use function (4). Omitting intermediate calculations, we present the final result

172 _—iwr/a iot

Pb*(iw)d 5 cosOsingpcos [l — 5 sin” ] e e

(12)

=
¢ ,uar{[l —26%sin” @] +46° sin” pcos [l — 5 sin’ go]l/z}

Taking into account that horizontal and vertical vibrations of the soil surface, transmitted
by longitudinal waves, which arose during an explosion in a cylindrical excavation, occur in one
phase, the amplitude of the vibrations can be determined by the formula:

Aa = \/Aiv +Aih (13)

Vertical vibrations of the ground surface transmitted transverse waves during an explosion
in a cylindrical cavity. The average radial displacements of an unsupported cylindrical cavity from
transverse waves generated by a vertical force are determined by the formula:

Auy = Au, + Au, + Au, (14)

which, after substituting expressions for average radial displacements:

A b 5 v h A V2 5

U =-—ppi L. o mAUy=——— ,O
* E"T o 1-vE -
takes the form:
17 V2
Auy =Au, +Au, +Au, = pfii’ 1___T) (15)

Using expression (7.3) and performing the necessary transformations, we reduce the resulting

equation to a more convenient form:
12 _—ior/fB iot
ﬂe

Ay’ = — (iw)bF, sinpcos p[5* —sin’ ] e
=

16
27[/1,31’{[1—2Sin2 (p]2 _|_4sln ¢00s¢[5 —Sin2 (/)]1/2} (16)

Let us denote: A s the vertical movement of the soil surface during the propagation of

transverse waves, all other designations: P,,d and 7 leave them unchanged. In accordance with
the reciprocity theorem we have:

2xbdFAuy, = F)A g, (17)

What follows

A =_ PObZ(ia))d§ simpcosgp[g —sin ¢]1/2 iar!f ot .
Bv ,uﬂr{[l—2sin2 @] +4sin” pcosp[d” —sin’ ¢]1/2}
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Horizontal vibrations of the ground surface transmitted transverse waves during an
explosion in a cylindrical cavity.
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Fig. 2. Levels of vertical displacements of the ground surface transmitted by longitudinal
waves during an explosion in a cylindrical cavity
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Fig. 3. Levels of horizontal displacements of the ground surface transmitted by longitudinal
waves during an explosion in a cylindrical cavity
Horizontal vibrations transmitted by transverse waves during an explosion in a cylindrical
cavity are determined in the same way as vertical ones, but here we use function (6). Omitting
intermediate calculations, we present the final result:
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Considering that horizontal and vertical vibrations of the ground surface transmitted by

19)

transverse waves that occurred during an explosion in a cylindrical mine occur in one phase, the
amplitude of the oscillations can be determined by the formula:

A, = AL +A2, (20)

An example of evaluating the vibrations of the ground surface during an explosion in a
cylindrical cavity.

As an example, we will determine the movement of the soil surface from an explosion in a
cylindrical cavity at the following values of the initial data [5]: @ = 600 / cex - the velocity of
longitudinal waves in the ground, =350/ cex- the velocity of transverse waves in the

ground, p = 1700xe/ M- the density of the soil, » = 0.0- the coefficient of internal friction

of the soil material, 7 = 20.m - the depth of the cylindrical cavity, b = 2.8 - the radius of the
cylindrical cavity, X - the distance from the point at which the vibration levels are determined

before the projection of the tunnel axis onto the ground surface, P, =2MTIla the amplitude value

of the harmonic component of the force with frequency @ =200Hz, d =10m - the section

of the cylindrical cavity on which the pressure acts. The obtained solutions for harmonic forces
can be used for arbitrary effects using the Fourier transform.

Conclusion.

Based on the results obtained, it was found that an increase in the thickness of the filler has
a particularly significant effect on the change in the complex phase velocity at relatively small
thicknesses of the filler. With an increase in the order of the mode of torsional oscillations, the
density of the arrangement of curves on the plane of phase velocity and wave numbers increases.
In the case of short waves, there is a limit value of the complex phase velocity.
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