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ABSTRACT

The paper deals with the stress-strain state of a parallel cylindrical tube with a liquid under the action of
harmonic waves. The problem is solved in a bicylindrical coordinate system under the action of harmonic
waves. An analytical solution is obtained in special Bessel and Hankel functions, as well as numerical
results. Parametric analysis of the dynamic stress coefficient is carried out.
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INTRODUCTION

The problem of the action of elastic waves on
single obstacles of simple form (cylindrical,
spherical, and others) has been investigated [1-
6], where the concentration of stress is carefully
considered and the displacement field near the
obstacle is studied closer. However, the effect of
elastic (diffraction problems), the more viscoelastic
waves on several obstacles, has not been fully
investigated. In this paper, a methodology for
investigating this problem has been developed.
The need for the theory of diffraction and
scattering by spatial and planar lattices has led
to the appearance of a large number of papers on
the diffraction of acoustic and electromagnetic
waves on systems of scattering centers. A task
of this type was considered by the authors of [7-
9], but their approach cannot be directly
extended to elastic waves. On the other hand,
the method of multiple scattering, which is
essentially an iterative process based on a
systematic refinement of the results of the
single-scattering approximation, was used in
[10, 11]. This method can be used directly in
problems on the propagation of elastic waves. In
this paper we obtain a solution of the problem of
the diffraction of a plane harmonic wave on
parallel cylindrical layers with a liquid.

STATEMENT OF THE PROBLEM

Suppose that the viscoelastic medium is not
constrained by the parallel arrangement of a
cylindrical tube with a liquid (Fig. 1). The

equation of viscoelasticity in vector form has the
2=

form[12,13]: (7 424 )grad div G- rotrott=p, %'
k=1,2,3 (D)

where A, , 1, - the Lame coefficients, defined
by formulas

A=

A f (t):m{f(t)—:[/R“(t—r)f(t)dr},

Vi Eqi

ﬁkf(t):z(mk{f(t)— [R},k(t—r)f(t)dr},

()
U- displacement wvector, f(t)- derived time
functions, R, (t—7), R, (t—7) — relaxation

core "to" body, E, — instantaneous -elastic

modulus "to the" th body. The operators entering
into equation [14] for the right system of curvilinear
orthogonal coordinates are defined as follows
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where o;- curvilinear coordinates (i = 1,3), g -
components of the metric tensor, determined by

aXk an X-Cartesian

the formula: 2
Q=2

coordinates (k = 1,3), the g-square of the
Jacobian of the transformation of the Cartesian
coordinate system, and the curvilinear coordinate
system. For orthogonal curvilinear coordinates,
only the diagonal terms of the tensor matrix q;;
are not equal to zero. In this case

3 ) _ _
Q=\/H17qii’ and the basic differential

quadratic form is defined by the formula:
3 .
2 2
ds? = Zlchid o, To determine the stress

state of the ground and the setting of mixed
boundary conditions, it is necessary to have
formulas expressing the stress through
displacement. We use the geometric equations
derived by Novitskii B.

j
RS T PR (ui)mza Uy
' 2hh, oa; \h, ! da; \h;

i=]j, j=1,3

In addition, we use the equation of state
(Hooke's law) [15]

Gil; = Zkgkk@j + 24, G (i’ Jik 212'3) (4)

As unknowns, we use the components of the
displacement vector wu,,u, and u,. The

cylindrical coordinate system is related to the
Cartesian coordinate system by the following
relations:

X=rcoso; y=rsind, 7=z, ds’=dr’+r’do®+dz>.

(%)

Using formula (5), we obtain
h12:h32:q11:q33:1’ hgzzqzzzr2
As coordinates o (i=1,3) applicable:

ou=r, 0,=0, az=2 (6)

Substituting (5) and (6) in (1), and the resulting
expression into formula (4) and taking into
account, we obtain the following system of
Lame equations in cylindrical coordinates:

(7)

(2000), + 20 10), + L ) + (4 0D, ¢

A+2j
= plu),

J+20 7 +3ii
+%(U.)y‘ 2 A

(), =

7:+;}

- A+2j - J+i
A )y )+ )+ ), ¢

i i
+F(ur)ﬁ ’TUH = pUg)es

H(u,), +:;:(UU)W +(A+20)(U), + (A + AU, +

I+ A+
+Tﬂ(uu)m+7ﬂ

(u), =p(u,)

Here the indices r, 6 and z, behind the brackets
denote the partial derivatives with respect to the
corresponding  coordinates. The boundary
conditions along the outer surface of the pipe -
the condition of ideal contact with the ground,
the inner surface is free:

r:R:u”:u,z,um:ugz,uu:uzz,

(8) where the

Om =021 Org1 = 0121 Oy = Opyy,

r=R,:0,,=00,,=00,=0,
subscripts "1" and "2" denote respectively the
materials of the environment and the pipe. If in
a cylindrical tube with a liquid, then the
boundary conditions ensuring the equality of the
normal components of the fluid and shell
velocities are

9
Ay =+ a;tfz ®)
r=R,
where V - fluid particle velocity; n-

normal surface at r=a, w- radial displacement of
the shell, D=2R,. In order to completely
complete the formulation of the problem, it is

necessary to add conditions at infinity to
conditions (8) and (9) 1 — O

at R=./x’+y’+72> 5o (10)

For non-stationary problems, the causality
principle is required as the radiation conditions,
and in the medium there should be no
displacements outside the region bounded by the
leading edge of the waves from the oscillation
sources.

SO T
X

N
0

Figl. The calculation scheme

METHODS OF SOLUTION

We consider the problem of the dynamic
theory of linear elasticity, the effect of seismic
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waves on pipes stacked in a high embankment
in two strands and filled with an ideal
compressible fluid. In this case, let us consider
the case when the wave falls perpendicular to
the axis connecting the tube centers, and to
the longitudinal axis of these tubes. The
calculation scheme is shown in Fig. The
bicylindrical coordinate system is related to the
Cartesian coordinate system by the following
relations:

x=(a sh&)/(ch&- cosn), y=(a sinn)/( ch§ -
cosn),z=z  (11)

where: a - half the distance between points
T]:-OO 158 T]:OO.

Then, representing (11) in (5), and the resulting
expressions in (6) take the following form:

ds* =a’ (chn—cosé) ™ d&” +a’(chn-cost) 2dn’ +d2 (12)
Using formula (11), we obtain

h12 = hg =4 =4x» = a’ (Chn—coséi)_z,
hg :q33 :1 (13)

Assuming that: ou=€, ap,=n, az=z  and
substituting (12) and (13) in (1) - (11), and,
taking into account that the problem is flat,
we obtain the following Helmholtz equation
in bipolar coordinates:

[a’2 (chn - cosé)’ ][(v)gﬁ + (V)m] 1kiv=0 (14)
where

2 i e ™ sinn§ n>0
sin& _ n=!
chn — cos§ a -
ZHZ:‘,]e“n sinnE N <0 (15)
Equation (14), after certain transformations,
reduces to the form in

(V)ge + (V) +(2kae™)*v=0 (16)

We seek the solution of equation (14) in the
form of a series:

V= givfl (m)cosné +v' (1) sinn&]g‘i‘“ 17)

Substituting (17) into (16) and equating the
coefficients for the corresponding harmonics,
we obtain the following ordinary differential
equation:

v +[(2kaei“)2 —n? ]vn —o (18)
Standard replacement
Vv, (M) = z(t) , t=exp(in)

we reduce (18) to the Bessel equation of the
form

t’z"+tz'+(4k’a®> —n*)z=0 (19)

which has a particular solution in the form
of a cylindrical function z(2ake™), and the
solution of the Helmholtz equation takes the
following form:

¢=> AZ,(2ake™)cosnce™ »
n=0

y= i ann (2ake¢n)sm ngefiwl . (20)

Now we put the boundary conditions. To this
end, we use condition (20), the substitution
r=m u 0=&. Taking into account the obtained
relations, we will seek the solution of the
boundary value problem for the case of a
fall in two underground pipes of the P-wave
of compression and the SV-wave of the shift
perpendicular to the y-axis. The wave
potential wave has the form

¢(p) — Aeiax—ia)t . (21)

To represent (21) in the form (20), we write

(21) with the aid of (12) in bipolar
cylindrical coordinates.
¢l(p) _ Aeik2aexp(¢)”sin§e’i“". (22)

Expanding the second factor of expression
(22) into a Fourier series (complex form)
and after small transformations we obtain
the final expression for the potential of the
incident P wave:

#” = Ai &,J, (eyr) cosnée (23)

where r:2aexp($n) and for the potential of
the incident SV-wave:

The remaining potentials (20), in analogy
with (23), have the form:

(7 =3[ C,H(ayr) + D, HP (a,7) cosnge ™,
n=0

(24)

pi) =Y [EHO(B,r)+ FHP (B,r)sinnge ™,
n=0
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=) G,J(ayr)cosnge™,
=0

Dynamic VAT is expressed in terms of
potentials ¢1 and y2:

Uy =] (4), - (); .

o ==00)™ (4),

U, =8[(4):-w), ], (@9

00 =03, =20 086, ~(6 +6)51] 0506~y ~4 +v,)
IW3,03¢3

o = 2140°] 6, 405y, =05y, +4.+y, + (¢ —v,)siné |,
n=125=e"/2a.

Substituting (24) and (25) in (8) we obtain
the final solutions to the problems of the fall
of the P and SV waves respectively on two
underground pipes. Arbitrary fixed (A,, By, Cn
and others) are determined from a system of
algebraic equations with complex coefficients

[Cl{a}={p}. (26)

where C is the determinant of (12x12) -
order, the elements of which are the Bessel
and Hankel functions of the 1 st second kind
of the n-th order, q is the column vector of
unknown quantities, and p is the vector of
the right-hand side. A system of algebraic
equations with complex coefficients is solved
by the Gauss method with the separation of the
principal element. Dynamic VAT in case of a
fall-wave shift to two underground pipes is also
recorded in bipolar coordinates in an
asymptotic form:

nz = MiS(uz)n ’GEJZ = HiS(uz)g

u

T _(7553

u, =w,G

As boundary conditions, we use condition
(23) and the substitution r = n. The final
solution of the problem for the cases of the
incidence of an SH-wave on two tubes is:

u,=- OZ[B HY (k,7)+ C,H? (k;r) [cosnze™;

=Wk, Z[B H(k,7)+C,H? (ky7) Jcosnée™;

0

0= 1001y | BHY (1) +C HP (k) [sinnée ™, (27)

n=0

©

=y [ &3, (k) + AHD (k) Jeosnge ™

n=0

k) + AHP (k) |cosnge™;

o—rzl = lulWlelz‘:gn‘]n(
n=0

Cpy = ,uiwnZ[ (k7)+ AH® (k) Jsinnge ™

Uncertain coefficients An,B,,C, is determined
from the boundary conditions. Consider the
definition of the dynamic stress-strain state of
a cylindrical tube under the action of harmonic
waves. To solve the problem, an addition
theorem is applied. The addition theorems for
cylindrical wave functions are derived in
[4,5,6]. Let there be two different polar
coordinate systems (rg,04) and (r,0x) (Fig. 3),
in which the polar axes are equally directed.
Pole coordinate Ok in the q system will be
R, Okg, SO that equality

Z, = ngeiekg +Zy (28)
Then the addition theorem has the form:

ind,

b,(ar,Je™ = Yb,, (R, ) Tp(ar,)exp(ipd,), 1, <Ry’
p:ﬁ:

b, ar, )e"* Zan e (o )exp(ing,), 1, <R, (29)

Formula (28) makes it possible to transform
the solution of the wave equation (1) from
one coordinate system to another. Consider
the calculation of an extended underground
multi-thread pipeline for seismic action within
the framework of the plane problem of the
dynamic theory of elasticity. In this case, we
investigate the case of stationary diffraction of
plane waves on a series of periodically located
cavities, supported by rings with an ideal
compressible fluid inside. The solution of the
problem is realized by the method of potentials.
The boundary conditions have the form (8).
The form of the incident potential will not
change either. The potentials of the waves
reflected from the tubes after the application of
the addition theorem, and taking into account
the periodicity of the problem, will have the
form:

A7 =Y [AHD (@) +5,3, (@) "7,
n=0

0

= e’"’*Z[ B,H®(Ar) +

n=0

O-n‘] n (ﬂlr)}in(gﬁ) '
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sn:i iApE [e€™HE, (md) +e ™ H, (ams) ] (30)
Q=3 X BE[e"HY,(B,md)+e " HL (B,md)]

where: £=kdcosy,o - distance between pipe
centers.

The refracted wave potentials in the tubes
are written in the form

0, =69 Y B [CHO (@) + DA () ",
n=0

'// — e'(ms’”f)

E[EHY(An) +FHO(5n) 7, (31)

s

I
I

and the velocity potential in the ideal form
of a compressible fluid

= ei(mifmé) Z EnGn‘] n (
n=0

Unknown coefficients A,-G, are determined
by setting (29) - (32) in (8). As a result, an
infinite system of linear equations is obtained,
which is solved by an approximate reduction
method, provided that relation

kd(1F cosy) =2mn

The general characteristic of the program is
designed for multi-threaded pipes in the
embankment for the case of a drop in seismic
waves perpendicular to the axis passing
through the pipe centers. The information
entered contains the minimum necessary
data: the elastic characteristics (E and v) of the
soil of the embankment and the pipes; density
of soil, pipes and liquids filling it; internal and
external pipe radii; the predominant period of
oscillation of soil particles; coordinates of
the point where the VAT is located; seismic
coefficient.

or)e"’ ), (32)

Ok

Fig2. Scheme to the addition theorem.

With the help of a special label, it is possible to
calculate pipes filled with an ideal compressible
fluid, or empty ones. The calculation of the

cylindrical Bessel and Hankel functions is
carried out according to known formulas. The
solution of the system of linear equations is
carried out by the Gauss method with the
separation of the principal term.

NUMERICAL RESULTS AND DISCUSSIONS

Table 1 shows the values of the coefficient
M max (Tlmax = ‘GW‘ / (}\, + ZM)GZA

the maximum radial pressure of the soil on the
pipes at different distances d between them in
the event of a P-wave fall. In this case, the wave
number of the P wave o,=1,0: inner and outer
radius of pipes Ry=0,8 m and R=1,0 m: the
predominant period of oscillation of soil
particles is T = 0.2 sec. Soil Characteristics:
Permanent Lamé X\;=8,9-MPa; w;=4,34MPa;
density p;=1,74Kn sek¥m*.

i (kx—at)

@ = Ae
Fig3. The calculation scheme

Pipe  material characteristics  A,=8690MPa;
1,=12930MPa; p,=2,55Kn sek’/m’*. We take the
following parameters:

A=0,048, =005 «a=01. From tables
1 it follows that as the distance between the
pipes 0,5<d/D<1,0 coefficient nmax increases by
5%. And with a further increase, d / D> 1.0
decreases more sharply by 10%. For d / D> 2.0,
the value nma Stabilizes, i.e. practically does not
change, with 1<4,0 close to the value mma for a
single pipe according to calculations.
Consequently, the mutual influence of
reinforced concrete pipes of multiline stacking
takes place with the distance between them
d<4,0D and leads to an increase in the
maximum dynamic pressure of the soil on them
compared to a single pipe. This effect of
increasing the coefficient mnma IS associated
with the imposition of waves reflected by
several surfaces of multicell pipes. In this case,
the nonmonotonic increase in the coefficient
Nmax With a decrease in the distance between the
tubes d / D is connected in our opinion with the
phenomenon of interference superimposed after
reflection of the waves.
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The value of the coefficient of dynamic
concentration at different distances between the
tubes for the case of P-wave incidence

D/d 0,5 1,0 2,0 4,0
Mmax 1,68 1,76 1,61 1,60

This phenomenon is extremely important for the
practice of designing seismic underground
multiline pipelines, since allows you to choose
the optimal distance between the pipes, in which
the dynamic pressure during seismic action is
minimal. For example, in tables 1, such a
distance is d = 0.5D. It is well known to note,
for comparison, that in the case of static action,
the reverse picture is observed: the ground
pressure on multicell pipes is less than that for a
single one. In addition to the above, when
analyzing the influence of the distance between
pipes on their VAT, it is necessary to take into
account the relation (28), (the so-called "slip
points™), at which a significant increase in the
dynamic stresses in the vicinity of the tube-
resonance is observed. This phenomenon is
known from optics called Wood's anomaly is a
feature of the multi-threaded pipeline and
cannot arise in a pipeline laid in one thread.
From the point of view of design practice, it is
necessary to know at what distance it is possible
to lay pipes so that a dangerous phenomenon of
resonance does not arise. The answer to this
question is given by the relation (27). Let us
analyze this relation for the case of the action of
P and SV seismic waves on a subterranean
pipeline. Tables 2 show the dependence of the
maximum distance in the light between the centers
of the pipes dma at which there is no resonance,
from the angle of incidence of seismic waves y.

Dependence of distance Dy,ax from the angle
of incidence .

Y. 0|30]45| 60| 70 | 80 90
pan
Dmaxi 515 |5 |6 | 7|38, 10
M 0 | 36|86 |66 | 45|52 0

From tables 2 it follows that the smaller the
angle of incidence of the seismic wave on the
pipeline, the closer it is to each other to stack pipes.
Thus, the appearance of resonance in multi-
threaded pipes can be avoided by choosing the
appropriate distance between them and, thereby,
ensuring the seismic stability of the pipeline.
Influence of the type of seismic action (P-, SV-
or SH-wave). Tables 3 give the values nmax the
maximum radial pressure of the soil on the pipes
in the event of a fall in the P- and SV-seismic
waves at different distances d between the pipes.

At the same time, B,=2. Analysis of the data in
Tables 3 shows that for d / D <4.0, the
coefficient values nmax for P-wave and SV-wave
are as if in antiphase. That eats, at 1 / D = 1.0,
the maximum seismic effect of the P-wave is
27% higher than that of the SV wave. Atd/D =
2.0, the maximum seismic effect of the P-wave
is 7% lower than that of the SV wave, and at d /
D = 4.0 again higher, but only 1%. At the same
time, as the distance between the pipes increases,
the difference in these effects decreases and at d / D
= 4.0 it practically disappears altogether. In
addition, we note that when an SV-wave is
applied, the values nmax at different distances
between the pipes has a 2.5 times greater spread
(up to 25%) than when the P wave is applied (up
to 10%). Thus, the phenomenon of "local
resonance” manifests itself more strongly for
seismic action in the form of an SV wave.

Coefficient value 7max With seismic actions
in the form of P and SV waves at different distances d
between the pipes

d/D MNimax
P —wave SV - wave
1,0 1,76 1,29
2,0 1,61 1,72
40 1,60 1,51

Tables 4 show the values of the coefficient nmax
in the case of a fall of P-wave on empty and
water-filled pipes at different distances d
between the pipes. The density of the liquid was
assumed equal to p3=0,102Kn sek¥/m*.  From
Table 4 it follows that the presence of water in
the pipes increases seismic effects on them
compared to empty pipes. Obviously, this is due
to the increase in the weight of the pipeline. The
maximum dynamic pressure of the soil on the
pipes is enhanced.

For example: for d / D = 1.0, the difference in
the values of the coefficient d / D = 2.0-10%,
with d / D = 4.0-19%. In addition, we note that
the spread of the coefficient values mmsx at
different distances d pipes filled with water are
less (7%) than for empty pipes (10%).

Coefficient value rmax for the case of the fall
of P-wave on empty and water-filled pipes

d/D

Nma
P - wave SV - wave
1,0 1,76 1,89
2,0 1,61 1,78
4,0 1,60 1,90
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Tables 4 show the values of the coefficient nmax
different lengths l¢/lo-27/a, p - wave incident on
empty pipes, located at a distance | = 1,0D from
each other.

Values of the coefficient 7. for different
lengths I P - waves.

1o/D 3,0 5,0 10,0
MNmax 1,76 1,52 1,20

From tables 5 it follows that the greater the
length of the incident seismic wave, i.e. The
denser the soil of the embankment, the lower the
coefficient mmax. FOr reference, we note that
relation 1o/D=>5,0 — not in bulk sand, sandy loam
and clayey soils; 1/D=10,0 - clay soils. Thus,
the type of soil, and especially its density, has a
significant effect on its dynamic pressure on the
pipes under seismic action. Hence it follows that
when erecting a mound over pipes, it is
necessary to carefully compact the bulk ground.
It is interesting to note that a good compaction
of the soil can also reduce its static pressure on
the pipes. In addition, the calculations show that
when 1;>10,0D The dynamic problem reduces to
a quasistatic problem, which essentially simplifies
its solution. From this follows the important
conclusion that the quasistatic approach is not
applicable to the calculation of the seismic
effect of pipes under embankments.

Tables 6 give the coefficients nmax for different
thickness t of the reinforced concrete pipe wall
in the case of a P-wave fall onto empty multi-
threaded pipes, stacked multi-threaded pipes
laid at a distance d=0,5.

Coefficient value 7nax for different pipe wall
thicknesses t

d/D 0,08 0.1 0,15 0.2
T 160 | 1,66 1,66 1,68

From Tables 6 it follows that the range of wall
thickness, practically does not affect the
dynamic pressure of the soil, not these pipes.
This is most likely due to the fact that the
harmonic wave does not penetrate the reinforced
concrete pipe due to the sufficient rigidity of the
pipe.

CONCLUSIONS

e Under the harmonic (seismic) effect, the
mutual influence of reinforced concrete pipes

of multiline stacking takes place at a distance
d>4,0D

e (d=2a) between them and leads to an
increase in the maximum dynamic pressure
of the ground on them as compared to a
single pipe (local resonance phenomenon) by
5-10% .

e The appearance of resonance in multicell
pipes can be avoided if the distance between
them is chosen not to the length of the incident
harmonic wave. This phenomenon of resonance
is a feature of the multi-threaded pipeline and
cannot arise in a pipeline laid in one thread.
The phenomenon of local resonance
manifests itself more strongly for seismic
action in the form of SV-wave than P-waves.

e The denser the soil of the embankment, the
less seismic impact on underground pipes.
When [>10D (wavelength) the dynamic
problem is reduced to quasistatic. Also, the
change in wall thickness and concrete class
practically does not affect the dynamic
pressure of the soil on reinforced concrete
pipes under seismic action.

o Maximum dynamic ground pressure cmax 0N
pipes laid in two strings at a distance d <3.0D
from each other, more than a single pipe.
This excess reaches 15%.

e The presence of liquid in the pipes, as a rule,
increases the pressure omax for a single pipe
by 20% and for two thread pipes by 5-10%.
The exception is densely packed pipes d = 0,
for which the pressure omax decreases by 4%.
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