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Abstract

In this paper, stresses and strains for transverse and axial load-

ing cases of continuous buried pipelines have been studied under soil-

pipeline interaction effect. A sensibility analysis of critical parameters

like the apparent propagation wave velocity, pipe’s redius and the fre-

quency content of the seismic ground excitation is to be performed so

that parametric observations illustrate the influence of these parame-

ters on the ratio of the pipe to ground displacement amplitudes and

consequently to the induced pipe strains.
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1 Introduction

Newmark[7], Yeh[4], O’Rourke[6], Mavridis[1], Manolish[3], Pitilakis &Mavridis[5]
and Mavridis & Pitilakis[2] have already examined and investigated important
axial and transverse seismic analysis of buried pipelines. Calculation method
of seismic wave propagation effects on buried pipelines is almost complex. The
apparent wave propagation velocity, the frequency content of the ground exci-
tation, the radius of the pipe and soil rigidity are the main factors that affecting
the seismic pipe behaviour. The object of present paper is to study the effect
of these parameters to the SSI phenomenon using analytic expressions for the
seismic response of a buried pipeline.

2 Analytic Models

Two different analytic models have been considered to calculate transverse
and axial pipeline’s displacements. Continuously distributed springs and dash
pots are excited at their support by the free field displacements and they are
transmitted the excitation to the pipe, producing stresses and strains. Suppose
that material properties of joints and the body of pipe are same. Pipelines are
buried in homogeneous soil where linear viscoelastic with material damping of
frequency is of independent hysteretic type. Buckling is ignored.

Seismic excitation is considered as a harmonic function of time and space
variable defining a seismic S-wave travelling along the pipeline, causing dis-
placements parallel to it’s axis in the axial analysis and perpendicular to its
longitudinal axis in the transverse analysis.

2.1 Axial analysis of the pipe

Figure(1) is the proposed model for axial analysis. The general equation of
the S-waves propagate along the longitudinal pipe (the harmonic free field
excitation) is given by

wg(x, t) = Wge
i{ω(t−bx/V )+φa} (1)

where wg(x, t) = the complex axial soil displacement; Wg = amplitude of
ground displacement; ω = circular frequency; V = velocity of the wave prop-
agation along the pipeline axis (apparent wave velocity); t = time;
x = space co-ordinate; i =

√
−1, 1 ≤ b < 2, φa ≥ 0.

The pipe response w(x, t) in the longitudinal direction can be written in
the following form

w(x, t) = W (x)ei(ωt+φg) (2)

where W (x) is the unknown complex amplitude of pipe displacement.
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The differential equation of the axial motion of the pipe is

−EA
∂2w(x, t)

∂x2
+m

∂2w(x, t)

∂t2
+Ca

∂w(x, t)

∂t
+Kaw(x, t) = Ca

∂wg(x, t)

∂t
+Kawg(x, t),

(3)
where A = cross sectional area of the pipe; Ca, Ka are damping and stiffness
parameters for the axial response respectively, E, I = Young’s modulus and
moment of inertia of the pipe; m =mass of the pipe per unit length.

The force (per unit length of pipe) to displacement ratio of the Winkler
medium defines the complex valued frequency-dependent impedance

Sa = Ka + iωCa. (4)

The solution of equation (3) for harmonic excitation as described by (1)
satisfying boundary condition that pipe displacement is finite at infinity is

w(x, t) =

(

Sa

EA(bω/V )2 + Sa −mω2

)

Wge
i{ω(t−bx/V )+φa} (5)

The complex ratio Rw of the pipe displacement to the soil displacement

Rw =
w(x, t)

wg(x, t)
=

Ka + iωCa

EA(bω/V )2 +Ka + iωCa −mω2
(6)

expresses the relative displacement and phase between pipe and soil.
For the axial analysis, Newmark’s model[7] assumes that Rw is equal to

unity, independent of the parameters involved. The maximum axial strain in
the pipe becomes

max(ea) =
bωWg

V
Rw, (7)

where ωWg is the particle aceleration in the axial direction.
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2.2 Lateral response of the pipe

Let us consider model (2). The general equation of the harmonic free field
excitation ( S-waves propagate along the longitudinal pipe axis ) is given by

ug(x, t) = Uge
i{ω(t−cx/V )+φl} (8)

where ug(x, t) is the complex transverse soil displacement; Ug = amplitude
of ground displacement; ω = circular frequency; V = velocity of the wave
propagation along the pipeline axis (apparent wave velocity); t = time; x =
space co-ordinate; 1 ≤ c < 2; φl ≥ 0.

If U(x) denotes the unknown complex amplitude of pipe displacement; the
pipe response U(x, t) is the transverse direction may be expressed as

u(x, t) = U(x)ei(ωt+φl). (9)

The governing differential equation of the motion of the pipe is

EI
∂4u(x, t)

∂x4
+m

∂2u(x, t)

∂t2
+Cl

∂u(x, t)

∂t
+Klu(x, t) = Cl

∂ug(x, t)

∂t
+Klug(x, t),

(10)
where E, I are Young’s modulus and moment of inertia of the pipe;
m = mass of the pipe per unit length; Cl, Kl are damping and stiffness pa-
rameters respectively. The force (per unit length of pipe) to displacement
ratio of the Winkler medium defines the complex valued frequency dependent
impedance.

Sl = Kl + iωCl. (11)

The solution of equation (10) for harmonic excitation given by (8) satisfying
boundary conditions that pipe displacement is finite at infinity is

u(x, t) =
Sl

EI(c ω/V )4 + Sl −mω2
Uge

i{ω(t−cx/V )+φl} (12)
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The complex ratio Ru of the pipe displacement to the soil displacement is
given by

Ru =
u(x, t)

ug(x, t)
=

Kl + iωCl

EI(c ω/V )4 +Kl + iωCl −mω2
(13)

which expresses the relative displacement and the phase between pipe and soil.
Newmark’s model[7] assumes that Ru is equal to unity, independently of the
parameters involved. The maximum bending strain in the pipe becomes

max(ǫb) = r
c2ω2Ug

V 2
Ru (14)

where r is the radius of the pipe while ω2Ug is the particle acceleration in the
lateral direction.

3 Important Parameters of the Problem

1. One of the main parameters of equations (5) and (12) is the propagation
velocity V of seismic waves with respect to the ground surface.

2. The second parameter is the description of the dynamic soil stiffness and
damping.

3. Other quantities are the radius of the pipe r, shear wave velocity Vs,
frequency ω, Poisson’s ratio νs, shear modulus G and Dl, Ds parameters
denoting hysteretic material damping.

4. A common steel pipe with Young’s modulus E = 210GPa, Weight unit=78kN/m3,
t = h

2r
= 0.01 where h is the thickness of the pipe.

5. For soil to be considered for this study, weight unit γs = 18kN/m3, Pois-
son’s ratio ν = 0.30 and material damping Ds = Dl = 10% (hysteretic
damping ratio p = 5%).

4 Graph of Rw −D

Rw is a complex quantity;
Range of frequency f:1 & 6 Hz;
Soil shiftness Vs:75,175,275,375;
Apprant velocity: 550, 750, 950 m/s.
The effect of these parameters on the ratio of the pipe to soil desplacements

ratio Rw for axial model is given in fig.(3). It is found that pipe displacements
are lower than the corresponding ground displacements; especially when the
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soil is soft and the excitation frequency is high. In this case, the apparnt
velocity is really a very important factor when the soil rigidity is low.

It is observed that when the spring becomes ”softer” (lower values of soil,
shear wave velocity), the difference between the pipe and soil motion are mag-
nified. Also, when the soil shear wave velocity increases, the soil-pipe inter-
action becomes less significant. Consequently, the soil spring stiffness is also
important factor on values of Rw.

S.S.I. effects are significant in cases of low values of the apparent wave
velocity V. Those cases are critical for the seismic design because pipe’s strain
is becoming larger for lower values of V.

5 Graph of Ru −D

Ru is a complex number. In the graph the amplitude of Ru is plotted.The
figure(4) shows the variation of the pipe to soil desplacements ratio Ru with
the out side diameter D of the steel pipe. For the case of bending model

range of Freequency f: 1 & 6 Hz;
Soil shiffness Vs: 100,200,300,400 m/s;
and apprant velocity V: 550,750,950 m/s

are considered. It is observed that there is no SST effects between soil and
pipe for this case and the pipe follows the diformation of its surrounding soil.
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It is observed that high frequencies affect the pipe seismic response but as
in general the effect of these frequncies to a real. Seismic recording is small so
the S.S.I. effects for lateral response are negligible.

6 Particular Cases

1. If b = 1, then max(ea) reduces to

max(ea) =
ωWg

V
Rw′ (15)

where Rw′ =
(

Sa

EA(ω/V )2+Sa−mω2

)

.

2. If c = 1, φl = 0, then

max(ǫb) =
ω2Ug

V 2
Ru (16)

where Ru =
(

Kl+iωCl

EI(ω/V )4+Kl+iωCl−mω2

)

.

7 Conclusions

1. The seismic behaviour of buried pipelines for both axial and transverse
shaking has been studied in a general analytical model.
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2. In case of transverse analysis, parameters have reasonable influences on
the complex ratio Ru and bending strain in the pipe.

3. For axial analysis, dynamic soil-pipe interaction effects of the pipeline
are considerable.

4. By the analysis of these models, it is observed that the critical analysis
is the axial.
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