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ABSTRACT: The problem of the equilibrium of the pipeline in the ground when on the contact surface two zones:
preliminary displacement zone and slip zone is decided in the paper. The algorithm of finding a conjugate point
between two interaction zones of pipeline with soil is described. To solve the problem we used the analytical and
numerical methods. Good agreement between the results of solving the problem using these methods is obtained. The
influence of different parameters on the stress-strain state of the pipeline is determined. It is noted that, before the
transition zone the values of longitudinal displacements and stresses of pipeline change according to the linear law and
then the exponential law. The maximum value is achieved in the first part - before the transition zone.
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I. INTRODUCTION

The analysis of the effects of strong earthquakes showed that the efficiency of the underground structure depends on
the properties of the surrounding soils [1 — 9]. The most unfavorable pipelines laying conditions when they were
damaged during earthquakes were revealed: i) pipeline crosses a fault; ii) landslides; iii) soil liquefaction when the
pipeline located in the waterlogged zones and water-saturated soils and 4) soils with different properties along the axis
of the pipeline when it passes from hard to soft soil. Therefore, in this work, we study the stress-strain state of the
underground pipeline when on the contact surface of two interaction zones of pipeline with the soil of different stiffness
— the slip zone and the zone of elastic interaction with the soil.

Il. LITERATURE SURVEY

In seismodynamics theory of underground pipelines, the determining moment is the consideration of the interaction of
the «pipeline-soil» system.

In the case of a longitudinal movement of the pipeline, a linear model of the interaction of the «pipeline-soil» system
was used in [10-15]. In these studies the force of soil impact on the pipeline is directly proportional to the longitudinal
movement of the soil.

Various interaction models of the «pipeline-soil» system are given in the paper [16]. The interaction model of the
landslide massif with the pipeline and the interaction model of frozen soil with the pipeline were proposed by the
authors of this paper.

The stress-strain state of the trunk pipeline using the interaction model of the «underground pipeline - frozen soil»
system was studied in the paper [17].

In the case of a transverse movement of the pipeline upwards, the interaction model used in calculating the pipeline for
longitudinal stability is applied in the papers [12, 18-20]. Further this interaction model was developed in our
investigations [21, 22]. To investigate the problem of stability of the underground pipeline located in water-saturated

Copyright to IJARSET www.ijarset.com 10898


http://www.ijarset.com/

ISSN: 2350-0328
International Journal of Advanced Research in Science,
Engineering and Technology
Vol. 6, Issue 9, September 2019

soils this model was added by members that take into account the damping properties of the interaction of the
«underground pipeline — soil» system.

Nowadays, in the seismodynamics theory of underground pipelines, all of the above investigations were provided using
one interaction model of the «underground pipeline — soil» system along the axis of the pipe. However, according to
the analysis of the effects of strong earthquakes follows that the greatest damages of the underground pipelines are
observed in soils with different properties along their axis therefore one of the actual problems is the study of the stress-
strain state of the pipeline located in soils with different properties along its axis. Moreover, as the analysis of
experimental studies [11-13] shows the contact force of the interaction of the «underground pipeline — soil» system
depends on the mechanical properties of the pipe and soil, contact geometry and the magnitude of the acting force. At
low values of the force on the contact surface of the pipeline with the soil, relative displacement occurs due to
deformation in the contact area. With increasing force, the contact force is increased and determined by Coulomb's law.

1. METHODOLOGY

Consider the problem of the equilibrium of the underground pipeline when on the contact surface two interaction zones.
In the first zone 0<x<xo, the pipeline interacts with the soil according to the Coulomb law, in the second zone x,<x<I,
the interaction force of the pipe with the soil depends on the displacement of the pipe section according to the linear
law. The axial force Py acts on the end of the pipeline x=0. The second end of the pipe is elastic fixed to the motionless
structure. The friction force counteracts the section movement in the first zone. The movement occurs in the opposite
direction of the axis Ox then the friction force directs in the positive direction of this axis and its value is determined by
the lateral pressure from the soil. Given this condition, the equilibrium equation of the pipeline in each zone is as
follows

2
EF (jjxgl =—f&Dy h(x) when0 < x < Xg, 1)
2
EF ddxuzz =k uwhenx, <x<I , (2)

where u;=uy(x), U,=u,(x) — displacement of pipeline sections in zones 0<x<xo, Xo<x<l, respectively; f — friction
coefficient between the pipeline surface and the surrounding soil; & — side pressure coefficient; D — pipe external
diameter; y, = y.(X) — variable density of the soil along the pipeline axis ; h=h(x) — variable depth of the pipeline in
the soil; ky — coefficient of longitudinal shear in the system « underground pipeline — soil».

Equations (1) and (2) are integrated under boundary conditions

El:ﬂzP0 when x=0, (3)

dx

du
EF—=—-ku when x=I (4)

dx

and pairing conditions between two zones
ulzuz,EFd—uleF% when X = X, . (5)
dx dx

where E — elasticity coefficient of the pipe material; F —cross-sectional area of the pipe; if x=x, it is the point when the
slip zone of the pipeline begins to form.

The algorithm for finding x,: at first x,=0 and to find a solution of the problem without a slip zone formation, i.e the
elastic problem is solved. Further, using the obtained solution the side force value at the points of the pipeline is
obtained which compared with the value of dry friction coefficient per unit length. At all points where the side force
value exceeds the dry friction coefficient, these areas are dry friction zones. The point xo is obtained in the first
approximation by this way. Then the problem with two zones is solved and the value of x is refined. Further the
refining process of the value x; is repeated until the specified accuracy of the calculations is achieved.

The axial stress is determined by integrating equation (1) under condition (3)

dy, t
o =B == ! 7. (Oh(X)dx+oy . (6)
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Here Q=————, 0, =R, /F.
q (D?—d?) 0o="Fo
The solution of equation (2) satisfying condition (4) takes the following form
I
u, = Alsha(l - x) +%cha(l %], 0
. . k = kol
where shzuchz — hyperbolic functions; o =.|— , k = ——.
EF F
The constant A is determined from conditions (5)
A= Ty

Eafcha(l —X,) +kalsha(l —Xo)]
where g, —stress in the point xo.

The displacement of the pipeline sections in the slip zone is determined by integrating equation (6) under the condition
Uy (X) = Uyg = U, (%)

U = —%l [x=&r@h@)de - [(x —5)%(5)h(5)d§} + (X %) + Uy, (®)
0 0

Consider special cases
1. h(x)=const =Ny, 7, =70, kdX)=const= k,.
Equation (8) is written in the form
3 3
U, =—q (X" =)
6F
The analysis of solution (7) shows that on the distribution of the pipeline movement along its axis is significantly

affected by the lateral q and elastic resistance k, coefficients and the parameter oo which characterizes the surrounding
soil resistance.

+0,(X—=%Xo) E+Uy,. 9)

IV.RESULTS

The distribution curves of the sections pipeline displacement and stresses along the length of the pipe for various values
of parameters K, ko, Po when P,,=0.95P;, £=2-10" Pa, I=10 m, D=0.3 m, d=0.29 m, f=0.3 m, k=0.4 m, p,=1600 kg/m®
are showed in the figures 1 and 2.
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Figure 1. Distribution of displacements in sections along the length of the pipe for various values of parameters
K, Pg, Ko: 1 —ky=5 MN/m; 2 — ky=0.8 MN/m; 3 — ky=1 MN/m; 4 — ko=1.2 MN/m
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Figure 2. Distribution of stresses in sections along the length of the pipe for various values of parameters k, Py, ko:
1 — ko=5 MN/m; 2 — ky=0.8 MN/m; 3 — ky=1 MN/m; 4 — ky=1.2 MN/m

X(I —x)

Ve = Veo» Ku(X)=const.

The graphs of changes of depth of the pipeline in the soil are showed in the figure 3. The graph of change of the
conjugate point x, between two interactions models by depending on the depth of the pipeline which varies along its
length is showed in the figure 4. The curves of stress distribution of the pipe along its length for different values of
parameter & =ad and constant value of the interaction coefficient (k,) along the axis of the pipeline is showed in the

figure 5.
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Figure 3. The graphs of changes of depth of the pipeline in the soil for different values of parameter j:
1-p=0;2-p=05;3-8=1;4-p=2;5-p=-0.2;6-p=-03;7-p=-04
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Figure 4. The graph of change of the conjugate point x, by depending on the depth of the pipeline 8
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Figure 5. The curves of stress distribution of the pipe along its length:
1-p=0;2-p4=05;3-p=1;4-p=2;5-p=-0.2;6-p=-03;7-p=-0.4

3. h=hy+ ﬁ@, Ve = Veo» Kx(X)#cONSst.

The formula from the paper [12] is used to determine k,(x) which depends on the depth of the pipe.
The finite difference method is used to solve the problem in this case.

Dimensionless variables are declared: U; =uR; U, =U,R; X=xI.

Then equations (1) and (2) take the following form:

%% =—f&Dy, (x)n(x) when  0<x<X,, 8)
EIFZR 8;’22 = 27R%k (v ), when  x,<x<1. ©)
Boundary conditions:
ii—jz P, whenx=0, (10)
?%z—Rkou2 when x =1. (1)

Pairing conditions between two zones:

EFRdy, EFRdu,

I dx I dx
Central difference schemes are used to approximate equations (8) - (9), boundary conditions (10) - (11) and conjugation
conditions (12). Then the boundary conditions (10) - (11) and the conjugation conditions (12) are transformed to the
following form:

u, =u,, when X = X, (12)

EFR du EFR _ohlp
I d_Xlx=0: ° (_3u10+4u11_u12):P0:>ulo:(EFR°+4U11_U12J/3
EFR du EFR
T d_)(zx:n :—ngU2|X:I :>_2h| (3u2n —4u, ., +U, n—z):_RkOUZn -

2hl k
Uy, = (4u2 h1—U, n_z)/[ EF 0 +3).

And equations (8) — (9) after approximation are solved to decide on Uy 4, Uy
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= 2f&y (x)h(x)1?h?

U = EF +2U5; — Uy,
2Rk, (x )1°h?
Usin :($+Z]U2i —Upig-

Equations (13) — (14) are solved by the sweep method.
The reverse run method is used to solve the following systems of algebraic equations:

Uy = oUyp + Bioy Uy = il + Blise
U o =Nt T B Yina =B
Ups = ols o+ B0 Upi = Xgialiva + B
Uyn_o =N N + Bonas Uanaa =Bons

where ay;, f1i, 0i, Bai — COefficients.
Normal stresses are determined by the following formulas:

01=E%, 0'2=E%.

X
Dimensionless variables are declared: U, =u,R; U, =u,R; X=xl.
The finite difference method is used to decide on oy;, O5;
O ZEE(Uliu_UlH)’ Oy =EE(U2H1_U2H)-
2h | 2h |

(13)

(14)

The following numerical values of the parameters which characterize the pipeline and its interaction with the

surrounding soil are taken in the calculations: E=2-10° MPa/m?, 1=100 m, D=0.3 m, d=0.25 m, P,=10 kN, Py=

7.=2000 kg/m?, £=0.3, £=0.6, hg=1 m, ko=10 kN/m.

8 kN,

Graphs of comparing of analytical and numerical solutions are shown in figure 6. Distribution curves of the
longitudinal interaction coefficient of the pipeline with surrounding soils are shown in figure 7. Distribution curves of
displacements and stresses of the pipeline along its length for various values of parameters puP, are shown in figures 8

and 9.
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Figure 6. The graphs of changes of displacements and stresses of the pipeline along its length when =0
ny.=1 kg/m*: 1 — analytical solution; 2 — numerical solution
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Figure 7. The graphs of changes of the longitudinal interaction coefficient of the pipeline with surrounding soils
along its length: 1 — p=0; 2 - f=0.5; 3 - =1; 4 — p=2
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Figure 8. The graphs of changes ofdisplacements (a) ustresses (6) by depending on the coordinate:
1-p=0;2-p=1;3-p=2
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Figure 9. The graphs of changes of displacements () ustresses (6) by depending on the coordinate when =0:
1- P():lo, 2 *P0:15; 3- P0:20

V. CONCLUSION

From the analysis of the curves are presented in the figure 1 follows that if the longitudinal shear coefficient ko is
increased then displacements of the pipeline sections are decreased and when k,>1.5 MN/m they independent of this
coefficient. This is observed in the pipeline section x=I when the coefficient of elastic resistance of the soil is increased.
From the analysis of the stress curves are presented in the figure 2 follows that the coefficient k, affects the stress state
only in the area where the pipeline surface interacts with the surrounding soil according to Winkler’s law. It is noted
that if the value of this coefficient increases then the value of the stress is increased too.

Comparative analysis is allowed obtaining good agreement between the results of solving the problem using analytical
and numerical methods (figure 6).
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It was found that before the transition zone x, the values of longitudinal displacements and stresses of pipeline change
according to the linear law and then the exponential law.

It was revealed that the maximum value is achieved in the first part — before the transition zonex, (figures 5, 6, 8, 9).
The influence of the variable coefficient of the longitudinal interaction of the underground pipeline with the
surrounding soil along its length affects the displacements and stresses of the pipeline in the case of a hill; it is
presented in the figure 8. It was found that if the initial force increases then the values of displacements and stresses of
the pipeline are increase (figure 9).
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