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Finite element analysis of fluid-structure interaction in
buried liquid-conveying pipeline
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Abstract: Long distance buried liquid-conveying pipeline is inevitable to cross faults and under earthquake action, it is necessary to
calculate fluid-structure interaction(FSI) in finite element analysis under pipe-soil interaction. Under multi-action of site, fault
movement and earthquake, finite element model of buried liquid-conveying pipeline for the calculation of fluid structure interaction
was constructed through combinative application of ADINA-parasolid and ADINA-native modeling methods, and the direct
computing method of two-way fluid-structure coupling was introduced. The methods of solid and fluid modeling were analyzed,
pipe-soil friction was defined in solid model, and special flow assumption and fluid structure interface condition were defined in fluid
model. Earthquake load, gravity and displacement of fault movement were applied, also model preferences. Finite element research
on the damage of buried liquid-conveying pipeline was carried out through computing fluid-structure coupling. The influences of
pipe-soil friction coefficient, fault-pipe angle, and liquid density on axial stress of pipeline were analyzed, and optimum parameters

were proposed for the protection of buried liquid-conveying pipeline.
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1 Introduction

After transient analysis of fluid-structure systems
was introduced by BATHE and HAHN!" in 1978, theory
on the fluid-structure coupling was developed rapidly.
The influence of fluid-structure coupling on the axial
vibration in liquid filling pipeline was investigated, and
transfer matrixes were obtained with low frequency
vibration”; nonlinear dynamic stability of liquid-
conveying pipes was analyzed”. As basis of theory
progress, more attention has been paid on finite element
analysis. Finite element equations of liquid-structure
coupling for liquid-conveying were obtained”’; a finite
element formula for the fully coupled dynamic equations
of motion including the effect of fluid- structure
interaction was introduced and applied to a pipeline
system!®!. It is inevitable to cross faults for long distance
buried liquid-conveying pipeline. Therefore, the damage
of buried pipeline is serious under earthquake action. For
example, Tangshan earthquake in 1976, made the total
water supply pipelines destroyed, and more than 10 kt
crude oil lost. In recent years, earthquakes in China, such
as Dayao earthquake of Yunnan Province in 2003,
Dongwu earthquake of Inner Mongolia AUT.REG. in
2004, Yanjin earthquake of Yunnan Province in 2006,
Puer earthquake of Yunnan Province in 2007, which

made lots of buried pipeline damaged, especially
Wenchuan earthquake of Sichuan Province in 2008.
Therefore, influence of site and fault movement on the
buried pipeline damage is another main problem' ™. In
this work, fluid-structure interaction was combined with
fault and site action, and fluid-structure coupling was
calculated under pipe-soil (site) interaction. Multi-
actions of earthquake, fault movement, and gravity were
applied, and influences of pipe-soil friction, fault, and
liquid density on the axial stress of pipelines were
analyzed.

2 Fluid-structure interaction model

In fluid-structure interaction analysis, fluid forces
are applied to the solid, and the solid deformation
changes the fluid domain. The computational domain is
divided into the fluid domain and solid domain, and
fluid-structure interaction occurs along the interface of
the two domains. For most interaction problems, a fluid
model and a solid model are defined respectively. A
fluid-structure interaction model for buried liquid-
conveying pipeline is illustrated in Fig.1. The fluid
model is defined in the fluid domain with boundary
conditions, such as velocity at the inlet and the outlet,
and more important, the fluid structure interface
condition. The solid model is defined in the structural
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Fig.1 Model of fluid-structure interaction

domain, where shell surfaces of pipe are the fluid
structure interfaces, and the site contact with pipe
through pipe-soil friction.

The typical task of fluid-structure analysis is to
obtain the fluid and structure response through the
coupled solution. The structural model is based on a
Lagrangian coordinate system, and the displacements are
primarily unknown. Because the fluid-structure interface
is deformable, the fluid model must be based on an
arbitrary-Lagrangian-Eulerian coordinate system.
Therefore, the solution variables of the fluid flow include
not only the usual fluid variables, such as pressure and
velocity, but also displacements.

Completely different elements and meshes can be
used in fluid and solid models. The nodal positions of the
two models are not therefore generally the same on the
fluid-structure interface. The fluid nodal displacements
are interpolated using the adjacent solid nodal
displacements. Similarly, the fluid stress at solid node is
interpolated using the fluid stresses at adjacent fluid
nodes, while the stresses at solid nodes equal the fluid
stresses at fluid nodes. The fluid solution variables and
the solid solution variables at the numbered nodes are
therefore eventually coupled.

3 Direct computing of two-way coupling
The fundamental conditions applied to the

fluid-structure interfaces are the kinematic condition and
the dynamic condition:

de=d (1)
n-oF=n oy 2)
where dr and d; are respectively the fluid and solid

displacements; or and o are respectively the fluid and
solid stresses.

The fluid velocity condition is resulted from the
kinematic condition:

(no-slip) 3)
nv=nd (slip) 4)

nv=nd

The fluid nodal positions on the fluid-structure
interfaces are determined by the kinematic conditions.
The displacements of the other fluid nodes are
determined automatically by the program to preserve the
initial mesh quality. According to the dynamic
conditions, on the other hand, the fluid traction is
integrated into fluid force along fluid-structure interfaces
and exerted onto the structure nodes.

F(t) = [h'odS (5)

where A? is the virtual quantity of solid displacement.
The solution vector of the coupled system is

X=(Xg Xo) (6)

where X;and X, are the fluid and solid solution vectors
defined at fluid and solid nodes, respectively. Thus,

d=dy(Xs) (7
di=o((X) ®)

The finite element equations of the fluid- structure
couple system can be expressed as

F[X]=|:Ff[xf’ds(xs)]:| o

9
Fs[XSJO-f(Xf)] ( )

where Frand Fj are finite element equations. Note that
the decoupled fluid and solid equations can be
represented by Fi{ X, 0]=0 and F[ X, 0]=0 respectively.

For many coupled problems, the fluid traction
affects the structural deformations, and the solid
displacement affects the flow pattern. This fact is the
reason for performing fluid-structure interaction analysis.
This type of analysis is called two-way coupling.
Because the fluid equations are always nonlinear, Eqn.(9)
is a nonlinear system regardless of the solid model
whether it is linear or not, and an iteration procedure
must be used to obtain the solution at a specific time.
Criteria, either stress or displacement, or both of these,
are used to check for convergence of the iterations.

There are two solution methods, direct computing
and iterative computing methods. The computing speed
of direct method in general is faster than that of the
iterative method in two-way couplings. It is suitable for
small to medium problems, and also good for transient
analysis. Direct computing method of two-way coupling
is also called the simultaneous solution method. In this
direct solution method, the fluid and solid solution
variables are fully coupled. The equations of fluid and
solid are combined and treated in one system. Therefore,
they are linearized in a matrix system. This matrix
system can be written as

{Aff Afs}AX? {Bf} (10)
Asf Ass Axsk Bs
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X=Xt AXE (11)
400
For example, when the Newton-Raphson method is
used, then
s T
Lo oFf 1 f 200
ff axf s 41fg d axs E
oFk oFk g 0
Asf :ﬂ“r_sﬂ ss — > (13) E
5Xf 8XS E
Bf=_kaE_Ff[xtfﬂﬂ’ddsk"'(l_ld)dskil] (14) .g 200k
B, =-FF=—F X 1 cf+1-2,)0f™"] (15)
where 44 (0 /44=1) is displacement relaxation factor, —400 , R , ,
0 | 2 3 4 5 i)

and 4, (0 A,=1) is stress relaxation factor.

The computational procedure can be summarized as
follows. In order to obtain the solution at time #+A¢ with
the initial solution guess X=X, for iterations k=1, 2,
the equilibrium iteration procedure is performed to
obtain the X",

4 Finite element modeling

The main problem is the definition of solid models
and fluid models.

4.1 Defining solid models

Solid model geometry is constructed in ADINA-
structure solver, site model is established with ADINA-
parasolid geometry modeling, and pipe model geometry
is established with ADINA-native geometry modeling.
The surfaces of the pipe are modeled with 9-node shell
elements. More important, fluid-structure boundaries
must be defined, and the two surfaces of pipe shell are
fluid-structure interface.

One most important problem is the contact between
site and pipe, which is defined as pipe-soil friction.
ADINA has a general Coulomb type friction model,
where the friction coefficient 4 can be a constant, or a
function of the normal contact tractions, or calculated
based on a user-supplied friction law. The basic friction
model can be written as,

T=uT, (16)

where u is a specified constant; 7; is the maximum
tangential traction, and 7, is the normal traction.

Loads include gravity load, displacement load of
fault movement, and load of earthquake wave. The
earthquake load is nonlinear, and shown in Fig.2.

In the direct computing method, the fluid flow
model controls the time steps. Hence the same control
parameters specified in the solid solver are ignored in the
solution procedure. However, time functions defined in
the solid model must cover the time range of the

Time/s
Fig.2 Time function of earthquake wave
computation. The parameters that control the
convergence of the coupled system are also processed in
the fluid model. These parameters are the stress and
displacement tolerances, relaxation factors, convergence

criteria, etc.

4.2 Defining fluid model

The fluid element is defined as 3D fluid element,
and velocity load is applied. The relative tolerance for
degrees of freedom is set to 0.01. The type of
fluid-structure interface is surface, and slip condition is
selected. There are four liquid materials; material
properties include density and viscosity.

After the modeling of solid and fluid models, save
them as solid and fluid files. Run ADINA- FSI and select
both solid and fluid files to obtain results.

5 Results analysis

Fig.3 is axial stress—time curve affected by pipe-
soil friction coefficient. It can be found that axial stress is
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Fig.3 Axial stress affected by friction coefficient
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minimum when friction coefficient is 0.4, which means
that 0.4 is the optimum value.

Three fault-pipe angles are calculated, namely, are
45°, 60° and 90° (shown as Fig.4). It can be found that
axial stress is the minimum when fault-pipe angle is 60°,
which means that 60° is the optimal value of fault-pipe
angles for buried pipeline protection.

04

Axial stress/MPa
=

Time/s
Fig.4 Axial stress affected by fault-pipe angle

Fig.5 shows the maximum of axial stress affected
by liquid density. Axial stress decreases as the liquid
density becomes smaller and smaller. It means that more
protection should be done for heavy liquid.
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Fig.5 Influence of fluid density on axial stress

6 Conclusions

By finite element analysis, some conclusions are
obtained as follows.

1) Earthquake and faults loads are applied to solid
model of buried liquid-conveying pipeline, stress and
displacement distribution of buried pipeline can be
calculated through computing of fluid-structure coupling
under pipe-soil interaction, and the influence of liquid
can be analyzed.

2) Pipe-soil friction and fault movement are two
main factors, which control the damage of buried
pipeline. When friction coefficient is 0.4, axial stress is
the minimum. This gives a way to decrease the damage
of buried pipeline through the selection or changing of
backfill soil properties. Axial stress is the minimum
when fault-pipe angle is 60°. Therefore, 60° is the
optimal value of fault-pipe angles if pipeline has to cross
faults.

3) The heavier the liquid density, the bigger the
axial stress. Therefore, more protection should be done
for heavy liquid conveying buried pipeline.
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