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Abstract. The simultaneous equations of longitudinal and transverse
vibrations of an underground polymeric L-shaped pipeline under the
arbitrary direction of seismic load were derived in the paper. A
computational scheme of the problem was constructed using central finite-
difference relations. The analysis of the results obtained on the
simultaneous longitudinal and transverse vibrations of underground
polymeric L-shaped pipelines under seismic loading was conducted. The
stress-strain state of the L-shaped polymeric pipeline subjected to seismic
effect was determined, and the axial forces and bending moments arising in
curved pipelines during an earthquake were determined.

1 Introduction

The issues of increasing the seismic resistance of underground pipelines, mitigating seismic
effect, and possible damage during ecarthquakes are of great importance worldwide.
Improving the seismic resistance, reliability, and safety of pipeline transport is an urgent
task. Pipelines laid in difficult geotechnical conditions experience such loads as the weight
of the pipeline conveying a product, the weight of soil surrounding the pipeline, the
response of soil to the pipeline strain, internal working pressure and temperature stresses,
the loads related to the changes in physical and mechanical characteristics of the soil. To
avoid pipeline failures and accidents, it is necessary to establish the influence of design
features, the changes in operating conditions, and parameters on the strength and stability of
the pipeline.

To ensure the earthquake resistance of the above-ground and underground sections of the
pipeline, it is necessary to study its stress-strain state (SSS), taking into account the natural-
climatic loads and the operating parameters and design features of the pipeline, the
influence of various forms of bending.

The grounds of the dynamic theory of earthquake resistance of complex systems of
underground pipelines were developed in [1-3]. It was assumed that any structure is
elongated, branching one both along the strike and in-depth, with complex rigid and
flexible pipe joints in a complex node. In [4-13], the seismodynamics of the underground
structures under the harmonic and real seismic impacts are numerically studied.
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In [14], the principles of calculation and design of underground structures in seismic
regions were considered. The stresses at the underground pipeline bend investigated
experimentally. It was determined that when two pipelines are connected at a right angle in
a node, its displacements are approximately equal to the displacements of the surrounding
soil. As a result, axial forces and bending moments appear in the curved sections of the
pipelines during an earthquake. The test results showed that the axial forces were initiated
in the pipeline in the direction of forced vibrations, and the bending moments appear at the
right angle junction of two pipelines.

When solving the problems of seismodynamics of underground pipelines, the main
issue is the interaction modeling in the pipe—soil system. In this paper, we proposed a
calculation method to determine the SSS of a polymeric L-shaped pipeline (figure 1),
subjected to seismic effects, the front of which forms angle a with the axis Ox directed
along the pipeline / axis. The results of theoretical studies allow estimating the stress-strain
state of L-shaped polymeric pipelines under seismic load, directed arbitrary relative to the
principal axes of the structure (figure 1) [15]. Recently, much attention has been paid to the
calculation of pipelines of various configurations (L-, T-, U- and V-shaped ones) [15].
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Fig. 1. L-shaped pipeline section in the plane: I is pipeline; II is pipeline

2 Methods

To derive a system of differential equations of motion with boundary and initial conditions,
the Hamilton — Ostrogradsky variational principle was used [16-18]

[(6T—oTT+6A)dt =0 (1)

t

where 0T, dI1 are the variations of kinetic and potential energy, d4 is the variation of work
of external forces, ¢ is time.
Consider the forces and moments of two pipelines 7/ and /7 connected in a node

Nx[ =Q12[I’ le[ =Q12[’ Mx[ =Mxl[' )

The stresses-strains relationship for underground polymeric pipelines are obtained from
[19]
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where G = ———, as [—x for the first pipeline, as I/ —y for the second pipeline, the

21+ p)
equations are written iteratively (see figure 1).
Considering relationships (3), the system of equations (1) in displacements has the

form:

az [614 j y=o, (1-)11}

ot Xy
O GF(@ aajj T ri- )[2V a;‘cj 1]+Q(Pz)+Q(qz)=0, (i:f} “
—pl. 6;?{ aax J Ir(;—r)( 66 GF?—GFO{ de—

(M.(R)+ M.(q))=0, (H”j

x>y

The boundary conditions are:

|: EF(a_J‘F(l‘_ )_d7j+N((/)l):|

{_ GF((%—alj—_(t[l“(t—r)(%;—O!IDﬂLQn(%)}éV

{El( j F(t—z') dr]+M (gol)}

_o, (1 - 11} )

x

Here, for the pipe /, the boundary conditions are formed at the junction of pipelines /
and /1. The boundary conditions (5) and relationships are used, where the junction node of
pipelines 7 and /1 is indicated by B.

N.(p)=RE =git', 0ulo) =R =it', M.(p) =M =2 (). ©

The initial conditions for pipelines / and /7 (figure 1) have the form:

7o) =0, p]z%5al‘ =0, pF & 5\/‘ =0. ™)
ot ot

t
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Here qll , q2' are the seismic forces acting on pipelines / and /I (Fig. 1); they have the
form (see monographs [14]):

N.(¢)= _ﬂDHkx(u - qu)’ 0,(q,)=-2prD, kx(v_u()y)’ ®)
8
0 0y 5 l D4
MZ (ql ): q[al B gx } 1= ﬂp ( J R k pP= (1 + ﬂzpyum )s ﬁ [1 - D“J,

where u,; is the Poisson's ratio of soil, %, is the coefficient of longitudinal interaction with
soil, /is the length that corresponds to experimental study [12], uo, and u, are the laws of
ground motion.

If we take into account relationships (8), then the system of equations (4) takes the form

o ( de—ﬂD k. (u-u, )=0, [IAH}
or? ox’ x>y

‘ o*v da, 111
[ -] f(t—f)[axf ai Jd7J+(— 2pD, k (v—u,,))=0, (x i ] ©

:aa [ a ov J jF(t 7)( *a v Jd
or’ 6x Ox 0 ©oox’ ox
[ ( ou,, D [1—>11]
-lql a,———||=0, .
Ox x>y

Proceed to dimensionless displacements and coordinates

=u-D,,u,=u,-D,,, v=v-D,, x=X-1,t=t1-1,. (10)
In calculations, the weakly singular three-parameter Rzhanitsyn—Koltunov kernel [19]
was used in expressions (5) and (9),

r(t)=A4e 7", 0<a<l, [Bl=c'. [4]=c7. an

The three-parameter kernel (11) has a weak Abel-type singularity. The kernels of this
type have a weak singularity. To eliminate it, the transforms in the integrand were
conducted, according to [20].

After introducing the vectors of external force displacements, we performed some
transforms, then from the system of equations (9), we obtained a differential equation of
motion, boundary, and initial conditions in a general vector form

2 2y 2 —
M612/+ oY {ZBhe’ﬁ’kA%ZZk)+Bal—
ot o’ @ ia x Ox (12)
) ~ 11
_é B —ﬁszM+CY é Bfe””kDY(tn —tk)=Q, ( }
a i Ox & = =y

where Q=

I’v’ _  q ow, 2pl’b*
a; Yoo bR ox a;

third-order matrices (figure 1, as /—x for the first pipeline, as //—y for the second pipeline,
the equations are written iteratively).

T
uOZ} , Y:{u,v,a,}r,M, A, B, C are the
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Boundary conditions in a vector dimensionless form for the pipe / are:

A2 A g ) Gy A )ee| <o
k=1 X o k=l =0
{ aa_Y_iZBb —ﬂtkA M_FEIY—éiBfe’ﬁ”‘E]Y(tn —tk)} =0
X O ka 0ox a k= x=l
(13)
for pipe /1 are:

o= 0, (14)

where 4,4 A B,B, B C, C are the third-order matrices. Initial conditions are:

oY
—oY 15
o (15)

t

To solve the boundary value problem (12), (13), and (14), we use the method of finite
differences of the second order of accuracy.

The problem is solved based on the algorithm of computer implementation. Mechanical
and geometrical parameters are selected as follows: E=5'10°MPa; p=940 kg/m’;

Dy=0392m; Dy=0.4m; F=n(D; —D;)4m’ L=n(D; —D,)/64m* I'=I"=20m;
k=1.2"10"kKN/m?; uo.(x,1)=Asinwtcosa; a=0.004 m; £=0.3 s™'; @=21/T; T=0.3 8; 1t5,;=0.2;
Upipe=0.3; Ap=0.1; a =0.25; p=0.05; C,=1500m/s; ' = +90.

3 Results and Discussion

Numerical results are obtained for the displacements and force factors considering
boundary conditions. The results are presented in graphs. When calculating the pipeline for
earthquake resistance, the options were used for setting the ground motion during
earthquakes in the form of a sinusoid (harmonic law).

The changes in longitudinal « (figure 2,a) and transverse v (figure 2,b) displacements of
underground pipelines at time 7 at the point of their intersection (x=0, y=0) at the incidence
angle a=30° of seismic load are given below.
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Fig. 2. Changes in longitudinal and transverse displacements of pipelines / and // in time at their
intersection point

As seen from figure 2, at the junction point of pipelines / and /I, the values of
longitudinal displacements change similarly to each other, but the vibration amplitudes
have a negative sign. And for the transverse displacements of pipelines / and /] at the point
of their junction, the vibration amplitudes in phases coincide with each other (figure 2, b).

Figure 3, a shows the change in longitudinal displacement of a polymeric pipeline at the
point x=0 m in time at different angles of incidence of seismic load. The maximum
displacement of the pipeline occurs at a=0, with a decrease in the angle of incidence, the
values of the maximum displacement decrease. Over time, the amplitude of vibrations also

decreases.
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Fig. 3. Change in longitudinal displacement of the pipeline in time at the point of pipelines
intersection and along the axis at fixed times at different angles of incidence of seismic load

In pipeline 7/, the maximum values of longitudinal displacement are reached in the
middle of the pipeline (figure 3, b). The values of the angles of incidence of seismic load

vary within 120 < ' <180 for pipeline /1.
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Fig. 4. Changes in longitudinal stresses over time at the point of intersection of pipelines under
seismic load at different angles of incidence

T2

Figure 4, a and 4, b shows the changes in longitudinal stresses over time at the
intersection of pipelines / and /I (x=0, y=0) under seismic load at different angles of
incidence. With a decrease in the angle of incidence of seismic load in the pipe I, the
longitudinal stress values increase, the vibration phases coincide within 0<0<90 (figure 4).
In pipeline /I, with an increase in the angle of incidence of seismic load, the longitudinal
stress values also increase.
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Fig. 5. Changes in shear stresses of pipelines over time at the point of intersection of pipelines
under seismic load at different angles of incidence

Figure 5 shows the changes in shear stress values of pipelines I and II in time at the
point of their intersection under seismic load at different angles of incidence. From the
figures, it can be seen that the maximum value of shear stress in both pipes is reached at

a' =90 With a change in the angle of incidence of seismic load, the vibration phases of
shear stress in both pipes do not change.

4 Conclusions

Thus, the simultaneous equations of longitudinal and transverse vibrations of an
underground polymeric pipeline of the L-shaped configuration were derived for an arbitrary
direction of seismic load. A computational scheme of the problem was constructed using
central finite-difference relations. The analysis of the results obtained on the simultaneous
longitudinal and transverse vibrations of underground L-shaped polymeric pipelines under
seismic loading was carried out. The SSS of the L-shaped polymeric pipeline subjected to
seismic effect was determined, and the axial forces and bending moments arising in curved
pipelines during an earthquake were determined. An analysis of the above problems shows
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that the viscoelastic properties of the polymeric pipeline contribute to the mitigation of
external seismic effect, which consequently leads to less damage and thereby increases the
strength and stability of these structures.
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