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ABSTRACT

Pipelines have been acknowledged as the most reliable, economic and efficient means for the transportation of gas and
other commercial fluids such as oil and water. The designation of pipeline system as “lifelines” signifies that their op-
eration is essential in maintaining the public safety and well being. A pipeline transmission system is a linear system
which traverses a large geographical area, and soil conditions thus, is susceptible to a wide variety of hazards. This pa-
per is concerned with the dynamic behavior of buried town gas pipelines. A computer model with a finite number of
nodes is created to simulate the behavior of the real gas pipeline. The dynamic susceptibility method is applied for
twenty mode shapes of this model, which utilizes the stress per velocity method and is an incisive analytical tool for
screening the vibration modes of the system. It can be readily identified, which modes, if excited, could potentially
cause large dynamic stresses. This paper discusses also two of the piping dynamic analyses, namely the effect of the
response spectrum of an earthquake and the time history analysis of a truck crosses the pipeline.
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1. Introduction & Literature Review

Gas distribution systems are one of six broad categories
of infrastructure grouped under the heading “lifelines”.
Together with electric power, water and liquid fuels,
telecommunications, transportation and wastewater fa-
cilities, they provide the basic services and resources
upon which modern communities have come to rely, par-
ticularly in the urban context. Disruption of these life-
lines through damage can therefore have a devastating
impact, threatening life in the short term and a region’s
economic and social stability in the long term. Pipeline
system consists of buried and above ground pipelines,
above ground facilities such as pumping stations, storage
tanks and miscellaneous terminal facilities. However the
term pipeline in general implies a relatively large pipe
spanning a long distance.

[1] obtained the amplitude and frequency of vibration
by testing the vibration signals from the compressor
pipeline, used ANSYS software for the calculation, and
reduced the amplitude of vibration by adding supports to
alter the frequency of the pipeline. [2] presented numeri-
cal simulation of pipeline system using finite element
method (FEM) to calculate for the modal analysis, con-
sonance dynamic and steady-state analysis, and found
reasonable pipeline structure parameters on the basis of
analyzing dynamic vibration performance of pipelines
for reducing vibration and enhancing the production se-
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curity. [3] analyzed the vibration of reciprocating com-
pressor gas pipeline as a frequent problem which always
affected normally running condition of the equipment. [4]
applied the method of vibration analysis, probed into the
vibration of gas pipeline, analyzed the vibration reason,
and put forward the correspondingly damping measures.
For analyzing the vibration in gas transmission line sys-
tem by [5], the change of flow parameters was analyzed
first according to the unsteady state flow of the gas in
pipeline system and then the acting force of the gas flow
on pipeline system was determined, and based on this
and in the light of the borne pressure in pipeline system,
the vibration was analyzed by using intensive quality
method and finally the calculation example was given
out.

[6] analyzed the vibration induced by fluid pulsation
for a section of gas pipeline, used the FEM method, and
considered the influence of the factors such as the com-
plex restraints of the pipeline system, the components of
the pipeline system, the steel structure etc. on the vibra-
tion of the pipeline system. [7] used the FEM method to
calculate the support stiffness, by varying the support
points and the stiffness of the pipeline system, the calcu-
lation process was repeated until the best modified ver-
sion of decrease in vibrations was obtained. [8] analyzed
the dynamic response induced by seism for a section of
gas pipeline system, with finite element modeling, con-
sidering the influence of the complex supports, hangers,
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devices and elbows of the pipeline system, the system
modality induced by 3-D Elcentro seism, the response
amplitudes of the system displacements and rotations,
and the response coefficient of the system modality in-
duced by seism were calculated. The results showed
seism had big effect on the performance of the pipeline
system, which should be considered when pipeline de-
sign was made. The measures were proposed to improve
the anti-seismic property of the pipeline system.

The liquefied soil will do great damage to buried pipe-
line during an earthquake. It causes a floating force and
leads to floating response that is a dynamic process
varying with time. [9] simplified the underground pipe-
line in liquefied soil under the action of seismic loading
as a model of a simple beam with elastic supports on two
ends and considering the interaction of buried pipeline-
soil and fluid-structures, the authors use the mode su-
perposition method to analyze the dynamic seismic re-
sponse. The influence of various pipeline and liquefied
soil parameters on floating response was discussed. The
dynamic floating displacement of pipeline and how it
varies with the parameters of flow velocity, fluid pres-
sure, fluid density, axial force of pipe section, damping
of pipe material, the specific gravity and relative elastic
coefficient of liquefied soil and the amplitude of seismic
acceleration was calculated and analyzed. The results
indicate that the dynamic seismic response analysis me-
thod is successful and meaningful. [10] considered New-
mark and Hall’s theoretical model to analyze the laid
pipeline. It was found out that the stiffness of the pipeline
is the major aspect in this seismic zone for the safe op-
eration of the pipeline system. The stiffness of the pipe-
line depends on various physical parameters of the pipe
such as diameter, thickness and material property.

In addition to the modal frequencies and mode shapes,
the pipeline modal analysis includes new outputs called
dynamic stresses and dynamic susceptibility. These new
outputs are based on modal analysis method by a PC
computer program. The dynamic susceptibility method is
essentially a post processor to fully exploit the modal
analysis results from the piping system [11,12]. The
pipeline designer does not have either the specific re-
quirements, or the analytical tools and technical refer-
ences which are typically available for other plant equip-
ment such as rotating machinery. Piping vibration prob-
lems only become apparent at the time of commissioning
and early operation, after a fatigue failure or degradation
of pipe supports.

The underlying theoretical basis for the Stress/Veloc-
ity method is a deceptively straightforward but univer-
sally-applicable relationship between kinetic energy and
potential (elastic) energy for vibrating systems. Stated
simply, for vibration at a system natural frequency, the
kinetic energy at maximum velocity and zero displace-
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ment must then be stored as elastic (strain) energy at
maximum displacement and zero velocity [13]. Since the
strain energy and kinetic energy are respectively propor-
tional to the squares of stress and velocity, it follows that
dynamic stress, o will be proportional to vibration veloc-
ity, v [14]. For idealized straight-beam systems, consist-
ing of thin-walled pipe and with no contents, insulation
or concentrated mass, the ratio o/v is dependent primarily
upon material properties (density p and modulus of elas-
ticity E), and is remarkably independent of system-spe-
cific dimensions, natural-mode number and vibration
frequency. For real continuous systems of course, the
kinetic and potential energies are distributed over the
structure in accordance with the respective mode shapes
[15]. Provided the spatial distributions are sufficiently
similar, i.e. harmonic functions. Many programs have
been developed to assure reliability and plant safety with
respect to vibration while minimizing cost and delay time
[16].

At the design stage, the dynamic susceptibility method
allows the designer to quickly identify and correct fea-
tures that could lead to large dynamic stresses at fre-
quencies likely to be excited. The method provides a
quick and incisive support to efforts of observation, meas-
urement, assessment, diagnosis, and correction. Further-
more, it reveals which features of the system layout and
support are responsible for the susceptibility to large dy-
namic stresses. The dynamic stresses are the dynamic
bending stresses associated with vibration in a natural
mode [15]. The dynamic susceptibility for any mode is the
ratio of the maximum alternating bending stress to the
maximum vibration velocity. This susceptibility ratio pro-
vides an indicator of the susceptibility of the system to
large dynamic stresses. The Stress/Velocity method for
screening piping system modes was developed and pre-
sented to the attention of SST Systems company by Dr. R.
T. Hartlen of Plant Equipment Dynamics Inc. [17].

Buried gas pipelines structures, when subjected to
loads or displacements, behave dynamically. If the loads
or displacements are applied very slowly then the inertia
forces can be neglected and a static load analysis can be
justified [18]. Hence, dynamic analysis is a simple exten-
sion of static analysis. Two types of vibration excitation
are considered in this work, namely the influence of an
earthquake through its response spectrum and the time
history analysis of a truck, which crosses the gas pipe-
line.

2. Underlying Fundamental Basis of the
Method

2.1. Kinetic Energy and Potential Energy;
Vibration Velocity and Dynamic Stresses

The underlying theoretical basis for the Stress/Velocity
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method is a deceptively straightforward but universally-
applicable relationship between kinetic energy and po-
tential (elastic) energy for vibrating systems. Stated sim-
ply, for vibration at a system natural frequency, the ki-
netic energy at maximum velocity and zero displacement
must then be stored as elastic (strain) energy at maximum
displacement and zero velocity. Since the strain energy
and kinetic energy are respectively proportional to the
squares of stress and velocity, it follows that dynamic
stress, 6, will be proportional to vibration velocity, v. For
idealized straight-beam systems, consisting of thin-walled
pipe and with no contents, insulation or concentrated
mass, the ratio 6/v is dependent primarily upon material
properties (density p and modulus E), and is remarkably
independent of system-specific dimensions, natural-mode
number and vibration frequency.

For real continuous systems of course, the kinetic and
potential energies are distributed over the structure in
accordance with the respective modes shapes. However,
integrated over the structure, the underlying energy-
equality holds true. Provided the spatial distributions are
sufficiently similar, i.e. harmonic functions, the rms or
maximum stress will still be directly related to the rms or
maximum vibration velocity.

2.2. The “Screening” Approach

As stated above, for idealized pure beam systems the
stress-velocity ratio will depend primarily upon material
properties. For real systems, the spatial patterns of the
mode shapes will depart from the idealized harmonic
functions, and the stress-velocity ratios accordingly in-
crease above the theoretical minimum or baseline value.
System details causing the ratios to increase would in-
clude the three-dimensional layout, large unsupported
masses, high-density contents in thin-walled pipe, sus-
ceptible branch connections, changes of cross section etc.
The more “unfavorable” is the system layout and details,
the larger will be the 6/v ratios for some modes.

Thus, the general susceptibility of a system to large
dynamic stresses can be assessed by determining the ex-
tent to which the 6/v ratios for any mode exceed the
baseline range. Furthermore, by determining which par-
ticular modes have the high ratios, and whether these
modes are known or likely to be excited, the at-risk vi-
bration frequencies and mode shapes are identified for
further assessment and attention. This is the basis of the
Stress/Velocity method of analysis and its implementa-
tion as the “dynamic susceptibility” feature in [17].

2.3. Relation to Velocity-Based Vibration
Acceptance Criteria

There are various general and application-specific ac-
ceptance criteria based upon vibration velocity as the
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quantity of record. Some, in order to cover the worst case
scenarios, are overly conservative for many systems. Others
are presented as being applicable only to the first mode
of simple beams, leading to the misconception that the
Stress/Velocity relationship does not apply at all to higher
modes. In any case, there are real and perceived limita-
tions on the use of screening acceptance criteria based
upon a single value of vibration velocity.

The dynamic susceptibility method turns this apparent
limitation into a useful analytical tool! Specifically, large
Stress/Velocity ratios, well above the baseline values, are
recognized as a “warning flag”. Large values indicate
that some feature(s) of the system make it particularly
susceptible to large dynamic stresses in specific modes.

2.4. What the Dynamic Susceptibility Method
Does?

2.4.1. General Approach

The Dynamic Susceptibility method is essentially a post
processor to fully exploit the modal analysis results of
the system. Mode shape tables of dynamic bending stress
and vibration velocity are searched for their respective
maxima. Dividing the maximum stress by the maximum
velocity yields the “6/v ratio” for each mode. That ratio
is the basis for assessing the susceptibility to large dy-
namic stresses. Larger values indicate higher susceptibil-
ity associated with specific details of the system.

2.4.2. Specific Implementation in CAEPIPE

The Stress/Velocity method has been implemented as
additional analysis and output of the CAEPIPE modal
analysis. The modal analysis load case now includes ad-
ditional outputs and features as follows:

Dynamic Stresses: This output provides the “mode
shapes” of dynamic bending stresses, tabulated along
with the conventional mode shape of vibration magni-
tude.

Dynamic Susceptibility: This output is a table of s/v
ratios, in psi/ips, mode by mode, in rank order of de-
creasing magnitude. In addition to modal frequencies and
s/v ratios, the table also includes the node locations of the
maxima of vibration amplitude and bending stresses.

With the dynamic susceptibility output selected, the
animated graphic display of the vibration mode shape
includes the added feature of color spot markers showing
the locations of maximum vibration and maximum dy-
namic bending stress. These outputs will assist the de-
signer through a more-complete understanding of the
system’s dynamic characteristics. They provide incisive
quantified insights into how specific details of compo-
nents, layout and support could contribute to large dy-
namic stresses, and into how to make improvements.
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2.4.3. What the Dynamic Susceptibility Method Does
Not Do Directly?

The Stress/Velocity method of assessment, and its im-
plementation in CAEPIPE as dynamic susceptibility, is
based entirely upon the system’s dynamic characteristics
per se. Thus the vibration velocities and dynamic stresses
employed in the analysis, although directly related to
each other, are of arbitrary magnitude. There is no com-
putation of the response to a prescribed forcing function,
and no attempt to calculate actual dynamic stresses. Thus
the dynamic susceptibility results do not factor directly
into a pass-fail code compliance consideration. Rather,
they assist the designer to assess and reduce susceptibil-
ity to large dynamic stresses if necessary, in order to
meet whatever requirements have been specified.

3. Building of Pipeline Model
3.1. Description of Pipeline Model

The model is created based on an actual pipeline used to
transmit natural gas to three buildings. This model was
created using software package CAEPIPE. The structural
analysis performed by this software is in compliance
with a standard piping code ASME B31.3 (pressure
process piping code) [19]. Figures 1-2 show components
and dimensions of the model. The model consists of
twelve elements, one anchor, four valves, two welding
tees, four bends and one reducer. The nodes are named
with numbers from 10 to 120. Pipeline has two sections
S1 (external diameter of 63 mm and thickness of 7 mm)
and S2 (external diameter of 32 mm and thickness of 4
mm). The material of pipes is stainless steel (A53 Grade
A) with density 7833 kg/m’.

The model is buried. The ground level, i.e. the height
of soil surface is one meter over pipeline. The soil is co-
hesion less type and has the density of 1922 kg/m’. The
angle of friction between soil and pipe (delta) is 20 de-
grees and the coefficient of horizontal soil stress (Kj) is
0.3. It is assumed that all fittings and pipeline compo-
nents (anchors, valves, tees, bends, and reducers) are

) |\? No.| Type

1| Anchor
2 Valve
3 Tee
4

5

Bend
Reducer

Figure 1. Components of the pipeline model.
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Figure 2. Node numbers and lengths of the pipeline model.

made of the same material of pipeline (SS A53 Grade A).
It is also assumed that the three ends of the pipeline are
fixed at nodes 60, 80 and 120.

A node refers to a connecting point between elements
such as pipes, reducers, valves, and so on. A node has a
numeric designation. For bend nodes, the node number is
followed by a letter such as A/B. A and B nodes (e.g.,
110A, 110B) designate the near and far end of a bend
node. Node number refers to the location of the tangent
intersection point (TIP); it is not physically located on
the bend. Its purpose is only to define the bend. Soil
modeling is based on Winkler’s soil model of infinite
closely spaced elastic springs. Soil stiffness is calculated
for all three directions at each node. Pressure value in the
load is suitably modified to consider the effect of static
overburden soil pressure [19].

3.2. Components of Pipeline Model

An anchor, is a type of support used to restrain the
movement of a node in the three translational and the
three rotational directions (or degrees of freedom; each
direction is a degree of freedom) [19]. In a piping system,
this node may be on an anchor block or a foundation, or a
location where the piping system ties into a wall or a
large piece of equipment like a pump. The term pipeline
bend refers to all elbows and bends. Geometrically, a
bend is a curved pipe segment which turns at an angle
(typically 90°) from the direction of the run of the pipe.
Reducers change the diameter in a straight section of
pipe [20]. Valves are used to control the fluid flow
through the pipelines. A valve may be used to block flow,
throttle flow, or prevent flow reversal [21].

4. Analytical Steps for Piping Vibration

The key analytical step is to determine, mode by mode,
the ratio of maximum dynamic stress to maximum vibra-
tion velocity. This ratio will lie in a lower baseline range
for uncomplicated systems such as classical uniform-
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beam configurations. For more complex systems, the
Stress/Velocity ratio will increase due to typical compli-
cations such as three-dimensional layout, discrete heavy
masses, changes of cross-section and susceptible branch
connections. System modes with large stress-velocity
ratios are the potentially susceptible modes [17]. The
Stress/Velocity method implemented in CAEPIPE as the
dynamic susceptibility feature automatically and quickly
finds these modes and quantifies the susceptibility.
Evaluation of the results helps to identify which details
of layout and support are responsible for the large stresses
[17]. The general susceptibility of a system to large dy-
namic stresses can be assessed by determining the extent
to which the o/v ratios for any mode exceed the baseline
range. Furthermore, by determining which particular
modes have the high ratios, and whether these modes are
known or likely to be excited, the at-risk vibration fre-
quencies and mode shapes are identified for further as-
sessment and attention. This is the basis of the Stress/
Velocity method of analysis and its implementation as
the dynamic susceptibility feature in CAEPIPE.

The dynamic stresses table (like Table 3) provides the
distribution of the dynamic stresses around the system,
i.e. in effect, the mode shape of dynamic stresses to go
along with the conventional mode shape of vibration.
This information allows identification of other parts of
the system, if any, with dynamic stresses comparable to
the identified maximum.

There are two main types of analyses. The first is con-
ceptual, where the structure does not yet exist and the
analyst is given reasonable leeway to define geometry,
material, loads, and so on. The second analysis is where
the structure exists, and it is this particular structure that
must be analyzed [22]. Our pipeline model analysis is of
the second type.

5. Forced Vibrations of the Mode

In the following cases time history and response spec-
trum analysis is performed for the pipeline model. Time
history force is a function of time at all changes in direc-
tions (bends/tees). These separate force-time histories are
then applied separately as Time Varying Loads in CA-
EPIPE at the corresponding nodes in the piping model.
Time functions describe the variation of the forcing func-
tion with respect to time. A study of an earthquake ef-
fects is presented using response spectrum technique.

5.1. The Response Spectrum of an Earthquake
Excitation

The earthquake safety of buried pipelines has attracted a
great deal of attention in recent years. Important charac-
teristics of buried pipelines are that they generally cover
large areas and are subject to a variety of geotectonic
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hazards. Another characteristic of buried pipelines, which
distinguishes them from above-ground structures and
facilities, is that the relative movement of the pipes with
respect to the surrounding soil is generally small and the
inertia forces due to the weight of the pipeline and its
contents are relatively unimportant. Buried pipelines can
be damaged either by permanent movements of ground
(i.e. PGD) or by transient seismic wave propagation.

The concept of response spectrum, in recent years has
gained wide acceptance in structural dynamics analysis,
particularly in seismic design. Stated briefly, the response
spectrum is a plot of the maximum response (maximum
displacement, velocity, acceleration or any other quantity
of interest), to a specified loading for all possible single
degree-of-freedom systems. The abscissa of the spectrum
is the natural frequency (or period) of the system, and the
ordinate, the maximum response. One of the widely used
methodologies for describing the behavior of a structural
system subjected to seismic excitation is the response
spectrum modal dynamic analysis [23]. Several modal
combination rules are proposed in the literature to com-
bine the responses of the individual modes in a response
spectrum dynamic analysis [23].

In general, response spectra are prepared by calculat-
ing the response to a specified excitation of single de-
gree-of-freedom systems with various amounts of damp-
ing [17]. Numerical integration with short time steps is
used to calculate the response of the system. The step by
step process is continued until the total earthquake record
is completed and becomes the response of the system to
that excitation. Changing the parameters of the system to
change the natural frequency, the process is repeated and
a new maximum response is recorded. This process is
repeated until all frequencies of interest have been cov-
ered and the results can be plotted.

Since the response spectra give only maximum re-
sponse, only the maximum values for each mode are
calculated and then superimposed (modal combination)
to give total response. A conservative upper bound for
the total response may be obtained by adding the abso-
lute values of the maximum modal components (absolute
sum). However this is excessively conservative and a
more probable value of the maximum response is the
square root of the sum of squares (SRSS) of the modal
maxima. In the SRSS method, displacements, element
forces, and support loads from the three X, Y and Z ac-
celerations are squared individually and added [17]. The
square roots of these respective sums are the displace-
ment, element force and moment, and support load at the
given node. To calculate the response of the piping sys-
tem, for each natural frequency of the piping system, the
input spectrum is interpolated. The interpolated spectrum
values are then combined for the X, Y and Z directions
(direction sum) as SRSS sum to give the maximum re-
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sponse of a single degree-of-freedom system.

5.2. The Time History Excitation

Any phenomenon that gives rise to loads that vary with
time can be input into the software CAEPIPE for time
history analysis to get the variation of forces or moments
with respect to time at different points in the piping sys-
tem [17]. Time functions describe the variation of the
forcing function with respect to time. The actual value of
the time function at any time is found by linear interpola-
tion between time points. Time history analysis requires
the solution of the equations

[M]{u}+[CT{u}+[K]{u} = {F (1)} M

where:

[M] = diagonal mass matrix

[C] = damping matrix

[K] = stiffness matrix

{u} = displacement vector

{u} = velocity vector

{u} = acceleration vector

{F(#)} = applied dynamic force vector

The time history analysis is carried out using mode
superposition method. It is assumed that the structural
response can be described adequately by the p lowest
vibration modes out of the total possible n vibration
modes and p < n. Using the transformation u = ®X,
where the columns in @ are the p mass normalized
eigenvectors, Equation (1) can be written as:

X+AX+Q*X = d'F )

where A= diag(Za)lgj)

O’ =diag (a)i2 )

In Equation (2), it is assumed that the damping matrix
[C] satisfies the modal orthogonality condition

o) [Cfo,}=0 (i#))

Equation (2) therefore represents p uncoupled second
order differential equations. These are solved using the
Wilson € method, which is an unconditionally stable
step-by-step integration scheme. The same time step is
used in the integration of all equations to simplify the
calculations.

6. Excitation Forces
6.1. Response Spectrum of an Earthquake

A direct analytical approach to the problem of the earth-
quake analysis is to subject the pipeline model to accel-
erations as recorded in actual earthquakes [24]. The en-
ergy content of an earthquake is defined by a response
spectrum curve, which plots acceleration (G) vs the fre-
quency in Hz. G is a variable represents the acceleration
magnitude correlating to the resultant seismic forces on
the equipment [25]. Figure 3 shows the relation between
natural frequency (Hz) & Acceleration (G) for the 1940
El Centro earthquake which had a magnitude of 6.4 [26].

SHOCK RESPONSE SPECTRA, Q=10
ELCENTRO EARTHQUAKE MAY 18, 1940
NORTH-SOUTH COMPONENT

PEAK ACCELERATION (G)
=)

0.01

0.1

10 20

NATURAL FREQUENCE (Hz)

Figure 3. Natural frequency versus acceleration.
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Figure 4 shows the input of spectrums and the spectrum
load which is applied in the Z-direction. Earthquake load
components are applied in both the X and Z directions.

6.2. Time History Analysis of a Truck Crosses
the Pipeline

The vertical soil pressure exerted on the pipeline (Pr)
which caused by two 16,000 1b wheel loads cross simul-
taneously over the pipe is obtained [27]. The calculated
load is for a certain time, for time history analysis. Time
will be divided into 10 time steps. Assume the vehicle
speed is 40 Km/hr = 11.11 m/s. Equation (3) is called
Boussinesq’s equation which can be used to determine
the vertical soil pressure from the multiple wheel loads
along the pipe [28]

3
P = —3IIWL5H and r=+vX*+H? ?3)

2mr

where,

I;: impact factor;

Cy: load coefficient;

W.: wheel load;

L: pipe length;

D: pipe outside diameter;

H: vertical depth to point on the pipe crown;

r: distance from the point of load application to the
pipe crown.

Figure 5 shows a truck crosses simultaneously over
the buried pipeline, and Figure 6 shows different posi-
tions for the truck during time intervals.

It can be noticed that load varies with time so we put
values into the CAEPIPE software for time history analy-
sis. These loads are input as time functions which are
applied to node 90 of pipeline model as time varying
loads in the dialogue box in Figure 4. In node 90, the
section is reduced and this node is also near the pipeline
bend so it can be considered as a weak point in pipeline.

Spectrum Load g|
Factor ’W
Y zpectiun ,—Ll Factar ’W
Z spectium ,W‘ Factar ’W

B -=NIEL CENTRO EQ.

ode Sum Direction Surm
(+ SRSS * SRSS

" Closely spaced " Absolute
™ Absalute

(o]

Cancel | Reset |

Figure 4. Spectrum loads in X and Z directions of El Centro
earthquake.
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Figure 5. A truck crosses simultaneously over the buried

pipeline.
W

T. NN YT 77777

r, I r4r5 r6r7 rE 9 10

Figure 6. Different positions for the truck during time in-
tervals.

7. Results and Discussion
7.1. Results of Dynamic Susceptibility

Table 1 shows the computed twenty natural frequencies
of the constructed mathematical model of the free and
supported ends buried gas pipeline, using a finite element
program. It’s to notice that the natural frequencies of the
supported ends pipeline model are higher than that of the
free ends pipeline model, since the later has lower e-
quivalent stiffness than the first one. One can see that the
important natural frequencies of the supported ends pipe-
line system lie between 35 and 71 Hz which can be ex-
cited through an excitation of an actual or real object
with rotating speeds between 2160 and 4251 rpm.

The following computational work is carried out only
for the supported ends model, because it is the most used
case, where the output ends are connected to the build-
ings terminals. The relevant features of this pipeline mo-
del can be summarized in Table 2 and the graphic dia-
grams of some mode shapes in Figures 7-9. In Table 2,
mode shapes will be sorted in the order of decreasing
susceptibility ratios. The table provides the Stress/Vibra-
tion (o/v) ratios, mode by mode, in rank order of de-
creasing magnitude. In addition to modal frequencies and
o/v ratios, the table also includes the node locations of
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Table 1. The twenty computed natural frequencies for free and supported ends pipeline.

Free Ends Gas Pipeline

Supported Ends Gas Pipeline

Mode No. Frequency (Hz) Mode No. Frequency (Hz)
1 0.07 11 56.34
2 0.12 12 57.84
3 0.16 13 60.72
4 0.23 14 64.53
5 0.25 15 70.85
6 0.48 16 73
7 14.38 17 82.75
8 36 18 93.67
9 48.15 19 116.42
10 52.25 20 119.56

Mode No. Frequency (Hz) Mode No. Frequency (Hz)
1 35.999 11 116.418
2 48.147 12 116476
3 52.283 13 119.563
4 56.387 14 123.056
5 57.875 15 125.647
6 64.538 16 131.079
7 70.848 17 152.754
8 82.795 18 160.101
9 93.04 19 193.58
10 93.668 20 229.464

Table 2. Susceptibility ratio and location of max stress and
max velocity of every mode shape.

Mode Frequency Maximum Nodes Susceptibility
(Hz) Velocity Stress (psi/ips)
1 35.999 95 100A 6843
7 70.848 110B 100A 1822
3 52.283 90 95 669
5 57.875 110B 100A 220
8 82.795 100A 100A 199
14 123.056 90 95 147
16 131.079 110B 110B 104
17 152.754 100A 100A 98
12 116.476 50B 50B 92
64.538 50B 40A 61
56.387 50B 40A 37
20 229.464 40B 50Bxia 37
9 93.040 40A 40A 19
10 93.668 30 100A 16
18 160.101 40A 40B 10
2 48.147 20 20 4
11 116.418 30 40A 2
13 119.563 20 20 1
15 125.647 70 95 0
19 193.580 30 100A 0

the maximum vibration amplitude and bending stresses.
Figures 7-9 show the graphic display of some vibra-
tion mode shapes including the spot markers showing the
locations of the maximum vibration velocity (®) and the
maximum dynamic bending stress (M) for every mode
shape of the pipeline. The following dynamic stresses
shown in Tables 3-6 provide the distribution of dy-
namic stresses of the system for the mode shapes number
1, 7, 3, and 5, i.e. in effect, the mode shapes of
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Table 3. Dynamic stresses of mode shape No. 1 (36 Hz).

Susceptibility = 6843

Node Displacement Stress
20 3.8486E-06 5.6048E+01
30 1.8536E-02 1.4162E+02
40A 5.5118E-07 9.8849E+00
40B 4.6945E-07 2.5015E-01
50A 1.0731E-08 1.2296E-01
50B 3.4226E-06 3.7677E-02
70 2.5034E-06 7.7344E+02
90 2.6948E-03 2.7684E+03
95 1.3026E-01 6.3980E+04
100A 1.2682E-01 2.0161E+05
100B 3.7493E-02 9.4676E+03
110A 5.5592E-04 4.6368E+03
110B 6.2982E-02 1.3382E+03

Z‘/L‘X

Figure 7. Second mode shape of supported ends pipeline
with a natural frequency of 48.147 Hz.

the dynamic stresses to go along with the conventional

mode shapes of vibration. From the obtained results, it is
shown that some particular modes have high Susceptibil-
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Y
2 x

Figure 8. The thirteenth mode shape of supported ends pi-
peline with a natural frequency of 119.56 Hz.

Figure 9. The fifteenth mode shape of supported ends pipe-
line with a natural frequency of 125.65 Hz.

Table 4. Dynamic stresses of mode shape No. 7 (71 Hz).

Susceptibility = 1822

Node Displacement Stress
20 1.5149E-05 1.5742E+02
30 1.0966E-02 3.9755E+02
40A 1.7617E-06 2.7391E+01
40B 1.5328E-06 1.4718E+00
50A 6.6331E-09 7.3273E-01
50B 2.8149E-05 4.5562E-02
70 1.0362E-05 2.4169E+03
90 9.6279E-03 8.4310E+03
95 3.9032E-01 1.7518E+05
100A 3.5114E—01 5.7268E+05
100B 1.1359E-05 2.7203E+04
110A 2.3494E-04 1.3568E+04
110B 7.0610E-01 2.9213E+03

ity ratios like modes 1, 7, 3 and 5. Causes for increasing
ratios can be one or more of the following: large unsup-
ported masses, high-density contents in thin-walled pipe,
susceptible branch connections, and changes of pipeline
cross sections.

From Table 2 one can see that, while the following
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Table 5. Dynamic stresses of mode shape No. 3 (52 Hz).

Susceptibility = 669

Node Displacement Stress
20 1.4267E-03 6.6558E+02
30 2.1949E-07 1.6516E+03
40A 4.6465E-05 4.8329E+01
40B 1.7696E-07 3.7787E+00
50A 1.2973E-09 1.4320E+00
50B 2.5218E-05 6.0930E-01
70 1.3190E-06 4.9031E+03
90 1.2029E+00 2.4516E+04
95 2.6923E-02 2.6444E+05
100A 3.5728E-01 1.5468E+04
100B 9.2832E-05 5.7356E+03
110A 2.4555E-06 2.1183E+03
110B 3.2918E-02 1.5208E+03

Table 6. Dynamic stresses of mode shape No. 5 (58 Hz).

Susceptibility = 220

Node Displacement Stress
20 1.6873E-06 2.0691E+01
30 3.1583E-03 5.2245E+01
40A 5.4753E-07 3.5908E+00
40B 8.9771E-08 2.3899E-01
50A 5.9045E-08 1.0970E-01
50B 4.2118E-05 2.5591E-01
70 1.2003E-06 3.2661E+02
90 6.3948E-04 1.1261E+03
95 5.2382E-02 1.6954E+04
100A 8.5090E-01 1.3435E+05
100B 3.8066E-03 7.2287E+03
110A 3.1379E-03 3.1871E+03
110B 1.6758E+00 1.1494E+04

modes 1, 7, 3, and 5 have the maximum susceptibility
ratios (6843 - 669) in the pipeline model, they have the
lowest frequencies range (36 - 71 Hz). That is because
susceptibility ratio increases with the decreasing of the
maximum vibration velocity, and respectively decreasing
of the natural frequencies. Modes number 1, 7, 3, and 5
can be described as the at-risk vibration frequencies and
mode shapes which need to more attention, by searching
for a damping or control methods to limit the dynamic
displacements in the piping system to a permissible
range.

At the design stage, the dynamic susceptibility feature
allows the designer to quickly determine whether the
system may be susceptible to very large dynamic stresses.
On identifying high susceptibility, the designer can then
make changes to improve the design. Locations for
measurement of vibration or dynamic strain can be se-
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lected based upon knowing the locations of the maxi-

mum and the distribution of vibration and dynamic stress.

Furthermore, mode-specific acceptance criteria can be
readily established to avoid the restrictions of generally
over-conservative guideline type criteria, while providing
assurance that any highly-susceptible situations are iden-
tified and addressed.

7.2. Results of Forced Vibrations of Pipeline
Model

Table 7 shows the calculations of the vertical soil pres-
sure on a pipeline model due to a concentrated load at
each time interval. Figure 10 is the vertical soil pressure
on the pipeline versus time. Figure 11 explains the rela-
tion between the distances from the point of load appli-
cation to the pipe crown and time.

Calculated Py is the load from each wheel;, however,
the load on the pipe crown is from both wheels, thus (2
PL) is the required value.

7.2.1. Support Loads
Forces and moments on all the supports in the pipeline

Table 7. Calculation of the vertical soil pressure on a pipe-
line model due to a concentrated load at each time interval.

T sec. X X(m) r r (m) P N/m?
To 0.0 Xo 5.555 To 5.643 Pro 2.71
T, 0.1 X 4.444 1 4.554 PL 7.93
T, 0.2 X, 3.333 1 3.479 PL2 30.47

T 03 X; 2222 I3 2.436 Pis 181.00
T, 04 X, 1.111 T4 1.494 P4 2083.29
Ts 05 X 0914 Is 1.353 Pis 3423.42
Te 06 Xe 1.111 Te 1.494 Pre 2083.29
T, 07 Xy 2.222 I7 2.436 P; 181.00

Ts 08 Xg 3.333 I3 3.479 Prs 30.47
Ty 09 X 4.444 To 4.554 Py 7.93
To 1.0 X, 5555 Iio 5.643 PLio 2.71

3500

3000 +
e
5 2500 +
o
£g 200 T
22z 150 T
g 1000 T
2 500 T

o =ttt

0 0.3 0.6 0.9
Time (sec)

Figure 10. The relation between the vertical soil pressure on
the pipeline (P.) and time.
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Figure 11. The relation between the distances from the
point of load application to the pipe crown and time.

model are shown in the Table 8. Time history analysis
shows that the anchors are subjected to approximately
zero forces and low moments about X and Z directions
while in response spectrum analysis of the earthquake
they are subjected to forces in directions X and Z without
moments. In these cases, the force value on any anchor is
less than 1 kN and anchors adjacent to loops can be con-
sidered strong.

7.2.2. Pipeline Element Forces

The forces and moments on all the pipe elements are
computed in global coordinates. Connections to valves
are able to resist the pipeline element forces.

7.2.3. Pipeline Element Displacements

Displacements for all load cases are computed in mm in
X, Y, Z and in degrees in XX, YY, and ZZ. Dynamic
loading cases lead to a little increasing in displacement
(less than 1 mm) when comparing with dead loading dis-
placements. Table 9 includes displacements at node 90
for time history analysis using time step 0.1 second and
11 time steps are used to study different displacements
within one second. Maximum time history displacement
occurs at node 90 as expected, when the truck is located
directly over the node 90. The analysis of the earthquake
response spectrum displacements shows that there are no
additional displacements in support locations and pipe-
line element movements can be considered in acceptable
seismic ranges.

7.2.4. Response Accelerations Act on the Pipeline Due
to the Earthquake Excitation
When the acceleration acts on the pipeline, the pipeline
experiences this acceleration as a force. The force we are
most experienced with is the force of gravity, which
caused us to have weight. The units of acceleration are
expressed in terms of G (the acceleration due to gravity)
and are shown in the Table 10 for different pipeline ele-
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Table 8. Support loads.

Loads on Anchors: Sustained (W + P)

Load Case
Node FX (N) FY (N) FZ (N) MX (N.m) MY (N.m) MZ (N.m)
10 0 -949 0 4461 0 —6240
60 0 —68 0 377 0 4764
Dead Load
80 0 —171 0 -1093 0 2484
120 0 —-18 0 -1770 0 -39
10 427 0 17 0 0 0
60 10 0 30 0 0 0
Response Spectrum
80 10 0 148 0 0 0
120 34 0 10 0 0 0
10 0 0 0 0 0 1
60 0 0 0 0 0 0
Time History
80 0 0 0 -1 0 -2
120 0 0 0 0 0 0
Table 9. Displacements of node 90 for the time history analysis.
Step Time (s) X (mm) Y (mm) Z (mm) XX (deg.) YY (deg.) ZZ (deg.)
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0000
2 0.1 0.0 0.0 0.0 0.0001 0.0 0.0004
3 0.2 0.0 —0.005 0.0 0.0005 0.0 0.0017
4 0.3 0.0 -0.027 0.0 0.0027 0.0 0.0101
5 0.4 0.0 -0.314 0.0 0.0304 0.0 0.1160
6 0.5 0.0 -0.525 0.0 0.0510 0.0 0.1935
7 0.6 0.0 -0.327 0.0 0.0320 0.0 0.1206
8 0.7 0.0 —-0.030 0.0 0.0030 0.0 0.0112
9 0.8 0.0 0.0 0.0 —0.0003 0.0 —0.0004
10 0.9 0.0 0.0 0.0 —0.0001 0.0 —0.0003
11 1.0 0.0 0.0 0.0 0.0002 0.0 0.0006

ments in X, Y, and Z directions. Response spectrum
analysis showed that the pipeline acceleration move-
ments due to EL CENTRO earthquake are in acceptable
seismic ranges (Table 10).

8. Conclusions

The behavior of buried gas supply pipelines for free vi-
bration, dynamic susceptibility, and also forced vibration
as it is subjected to some external effects like earthquake
and truck crosses over the buried pipeline has been in-
vestigated. The work summarized has led to a number of
conclusions which help in understanding the perform-
ance of buried pipelines. Contributions can be summa-
rized in the following main areas:

e The natural frequencies of the supported ends pipe-
line model are higher than that of the free-ends pipe-
line model.

e The Stress/Velocity method, implemented in CA-
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EPIPE as the “Dynamic Susceptibility” feature, pro-
vides quantified insights into the stress versus vibra-
tion characteristics of the system layout.

In particular, the dynamic susceptibility table identi-
fies specific modes that are susceptible to large dy-
namic stresses for a given level of vibration. The lar-
ger the Stress/Velocity ratio, the stronger the indica-
tion that some particular feature of layout, mass dis-
tribution, supports, stress raisers etc is causing sus-
ceptibility to large dynamic stresses.

The animated mode-shape display identifies, by the
spot-markers, the locations of the respective maxima
in dynamic stress and vibration velocity. Review of
these animated plots will reveal the offending pattern
of motion, and provide immediate insight into what
features of the system are responsible for the large
dynamic stresses.

The “dynamic stresses” table provides the distribution
of dynamic stresses around the system, i.e. in effect,
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Table 10. Response accelerations act on the pipeline due to
the earthquake excitation.

branch connections, and changes of pipeline cross
sections.

Node X (g’s) Y (g’s) Z(g’s)
10 0.680 0.000 0.680
20 0.478 0.000 0.680
30 0.681 0.000 0.680

40A 0.688 0.000 0.702

40B 0.662 0.000 0.651

S0A 0.752 0.000 0.620

50B 0.772 0.000 0.674
60 0.680 0.000 0.680
70 0.742 0.000 0.680
80 0.680 0.000 0.680
90 0.508 0.000 0.684
95 0.504 0.000 0.596

100A 0.454 0.000 0.707

100B 0.602 0.000 0.592

110A 0.681 0.000 0.786

110B 0.676 0.000 0.795
120 0.680 0.000 0.680

the mode shape of dynamic stresses to go along with
the conventional mode shape of vibration. This in-
formation allows identification of other parts of the
system, if any, with dynamic stresses comparable to
the identified maximum.

The dynamic susceptibility feature of the piping vi-
bration was illustrated here by an application to the
pipeline model using the program CAEPIPE. The
modal analysis was performed for the frequencies up
to 230 Hz, resulting in a reporting-out for 20 modes.
The frequency range of (36 - 71 Hz) represents cer-
tain modes, which can be considered as important.
Graphic displays of the vibration mode shapes in-
cluding the spot markers showing the locations of the
maximum vibration velocity and the maximum dy-
namic bending stress were illustrated for every mode
shape. Previous results enable the designer to quickly
determine whether the system may be susceptible to
very large dynamic stresses. This could be a broad
look at all frequencies, or could be focused on par-
ticular frequencies where excitation is likely to occur.
Results also can be used for contributing to the plan-
ning acceptance testing and the associated measure-
ments where these are undertaken whether by formal
requirement or by choice. Locations for measurement
of vibration or dynamic strain can be selected based
upon knowing the locations of the maxima and the
distribution of vibration and dynamic stress.

Causes for increasing susceptibility ratios can be one
or more of the following: large unsupported masses,
high-density contents in thin-walled pipe, susceptible

Copyright © 2012 SciRes.

Time history analysis shows that the anchors are sub-
jected to approximately zero forces and low moments
about X and Z directions while in response spectrum
analysis of the earthquake they are subjected to forces
in directions X and Z without moments.

Time history analysis showed that the supporting an-
chors are subjected to moments and a maximum dis-
placement of approximately 0.6 mm occurs when the
truck is located directly over the studied point. Re-
sponse spectrum analysis showed that the pipeline
acceleration movements due to El Centro earthquake
are in acceptable seismic ranges. For the dynamic
loading analysis it is recommended that, the move-
ments should be taken up by bends which have no
local stress concentrations and which are so arranged
that if yielding occurs there will not be any local fail-
ure. For the dynamic loading analysis it is also rec-
ommended to avoid subjecting the pipeline compo-
nents of heavy masses, piping discontinuities, and
bends to the expected direct static loads locations as
possible.

Institutions and authorities responsible for the design,
construction and operation of buried pipelines located
in seismic zones should demand that the seismic ef-
fects are correctly taken into consideration in order to
assure the good behavior of such pipelines during
their working life.
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