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1. Introduction buckling problems. The present paper describes the upheaval
bucking and the relationship among the axial compressive
When a buried pipeline is operated at a temperature and forces, the safety factors, temperature and pressure. A
pressure higher than ambient temperature and pressure, it semi-empirical simplified method was used for a preliminary
tends to expand. If the pipeline is not free to expand, it  design of offshore pipelines.
would develop an axial compressive force.
The buried pipeline will bend toward the uplift at a 2. Simplified Method
certain location since the pipeline is assumed to have an

infinite resistance at horizontal and downward directions. For the initial design of a pipeline, the following

This phenomenon is called an upheaval buckling and simplified method is used to check the safety factor against
usually occurs at the locations of initial pipe imperfections, e upheaval buckling. The simplified method assumes that
which are commonly caused during the installation of e profile of the pipeline is sinusoidal and the pipe
offshore pipelines. If the force exerted by the pipe on the  geflection is within the elastic limit after the upheaval
soil exceeds the vertical restraint against the uplift capacity  puckling,. This method does not consider the horizontal
created by the submerged weight of the pipe and soil sliding and plastic deformation of the pipeline during the
resistance, the pipeline tends to develop an upheaval  ypheaval buckling, If the safety factor is not enough, then
buckling,  The possibility of upheaval bucklings has become  fhe accurate FE method should be implemented.  The
of great concern to the pipeline industry, as production simplified method can be used for a preliminary design of
temperature has risen. Thus, various analysis methods have e pipelines. The stability of the pipeline in its initial
been developed to investigate and resolve the upheaval — pogition varies depending on both the local profile of the
pipe in contact with its foundation and whether or not
enough downward force is present to hold the pipe in

AAR SER ARA: A 2T S 139884 position. If the pipe does not move, the governing factors
I#] o}TE 124%F S02F. are the constrained axial force and the pipe flexural rigidity.
051-701-9348  sonny53@netian.com An arbitrary pipeline profile can be defined by a height y
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and a horizontal distance x. The pipeline is idealized as an
elastic beam, which carries an axial compressive force P and
has flexural rigidity.
theory that the downward force w(x) per unit length

From the elementary beam-column

required to maintain the pipeline in equilibrium is:

d'y ,d’

w(xy=—Fl - —=—-P-—=

®) dx* dx’ @
Assume a simple sinusoidal profile of the upheaval buckling
is defined by

y=d~cos2(7—m—)- in '—1L<7r<lL
L 2 2 )

where d is the height of the profile imperfection L and is
the length of the imperfection along the pipeline.

Substitute the second and forth derivatives with respect to
x into Equation (1), the downward force required is:

w(x)={2-ar.}>(92 —8-d-EI~(%j4}
o) o 5

The maximum value occurs at the crest of imperfection (x =
0) such that

w : T *
w(x):2-d-P~(Zj —8-d~E[~(Zj ”

The Equation (4) applies to a particular profile shape, but
the specific shape only affects the coefficients and not the
general form of the equation.

A dimensionless maximum download parameter ®, can
be defined by:

W d K P2 (5)

A dimensionless imperfection length ©. can be defined by:

P2
(D“L'(Ej ©)

The Equation (4) can be written as follow:

_ 270 B 8z
w q)LZ (DL4 (7)

The functional relationship between ®. and @, is:

o, -0, =b+

w

2

o, ®

The constants a, b are determined using the experimental
data from Palmer.
determine the constants a, b for three different areas which
are shown in Equations (9), (10), and (11). The resulted
The curve represents the

The least square method was used to

curve is presented in Figure 1.
imperfection profiles whose shape is an upheaval foundation.
The portion of the curve with mild slop in Figure 1
corresponds to a single isolated imperfection in a horizontal
profile. The final relationship represents to be bilinear, with

12

10

0 0.01 0.02 0.03 0.04 0.05

Fig. 1 Correlation of Experimental Results (Experiment by Palmer)
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Fig. 2 Download Required & Length Parameter
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one pair of values g, b corresponding to small values of P
and a second pair to large values.

The third condition occurs a very short imperfection, so
that the pipeline is only in contact with the crest of the

imperfection. The download parameter is constant for the

length parameter @, less than 449, as shown Figure 2.
The results are combined in Figure 2, a universal curve that
can be used directly for a preliminary design. The three
conditions that give both the design download and the
required parameters for stability are taken from Palmer.

O, <449
D, =0.0646 ®

449 <D, <806

5.68 8835
Qu' = 2 T 4

@, @, (10)
D, >806
o, =26 _ 304

o o, an

The imperfection length can be calculated from the formula
given by Ellinas.

ET.d)\®
L:(n EI d)

W (12)
Where EI is the rigidity of pipe and wy is the submerged
weight of the pipe. From Equations (6), (7), (9), (10), (11)

and (12), a design formula for the download required for
stability can be obtained as:

D, <449
d-P’
w = 0.0646- : (13
449 <D, <806
1
B d- wojz
w=0.669- P( I — 023w, (14)
O, >806
!
B d-wo) 2
w= 1.13P-( I —4.76w, 15)

These equations are used to derive the download required

for a preliminary design.
The equation of the effective compressive force was taken

from Ellinas.?

% 2
P:E-A~a-AT+(ZjDI. (1-2-v)-AP 16)

where A is the cross section area of steel pipe, E is elastic
modulus of steel, ¢ is coefficient of thermal expansion,
AT is temperature increment, V is Poisson’s ratio, AP is

pressure differential between internal operating pressure and

external hydrostatic pressure, and D; is an inside diameter
of the steel pipe.

3. Uplift Resistance of Cohesionless Soil

Buried pipelines can be covered by cohesionless materials
such as sand, gravel, rock, etc. Then the uplift resistance
can be described by the dead weight and the friction force
component:

O=W+S an
The weight, ignoring the ’corners’ at the pipeline sides, can
be approximated as:

W=y-H-D (18)
where D is an outer diameter of the buried pipeline and
H is the cover height of soil, 7 is submerged unit weight

of soil.
The shear forces assuming proportionality with the vertical

effective stress and a fricion coefficient tan®, can be
written as:
S=H"-y-K-tan® (19)

The coefficient of lateral earth pressure K is defired as the
ratio of horizontal and vertical effective stresses. Equation

(17) may then be rewritten as:
QO=y-H-D+H .y K -tan® ©0)

The Equation (20) can be expressed with the load factor /4

as:
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Q=y-H-D+H-y-f, el

where the load factor is defined by multiplication of the
coefficient of lateral earth pressure K and a friction
coefficient of soil tan® .

For the most of cover conditions, the load factor varies
between 0.3 and 0.5. Through the experimental data for
gravel and rock dumps, the common load factor has a
value of around 0.6 but it depends on the soil conditions.

The total uplift resistance was calculated as follows:
R= Q +w, (22)

where R is the fotal uplift resistance and W, is the
submerged weight of pipelines including the fluid content.

The safety factor is defined as the ratio of the total uplift

resistance and the download required for the stability of the

pipeline.

R

S.F == 23)

4. Effects of Temperature and Pressure

The example shows the effective axial force and safety
factor due to pressure difference at operating temperature.
Calculations were performed for a 16828 cm (6.625-inch)
outside diameter steel pipe with a 0.711 cm (0.28-inch) wall
thickness.
variations from 1380 pound per square inches (psi) to 2280

Figure 3 presents the effect of the pressure
psi for a constant value of temperature difference 120°F.
The effective axial force changes linearly by the pressure
variation but the safety factors against upheaval buckling
remains almost constant value of 3. Figure 4 presents the
effective axial force and safety factors due to temperature
difference between 20°F and 180°F for a constant pressure
difference 1480 psi.

and safety factors are changing rapidly by temperature

The results on the effective axial force

variations. Thus, pipelines with a high temperature have a
tendency of low safety factors over the high pressure
pipelines. Therefore, the effect of temperature is significant
Figures 5 and 6 show the

effective axial forces and safety factors due to the various

on the design of pipelines.

pressure and various temperature. These two figures present
the results of the calculations based on the variation of the
The results confirm the
effect of temperature is significant on the upheaval buckling.

both temperature and pressure.
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Fig. 3 Effect of Pressure at Temp. Difference 120°F.
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Fig. 4 Effect of Temperature at Press. Difference 1480 psi
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Fig. 5b Effect of Pressure at Various Temp. Difference
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Fig. 6a Effect of Temperature at Various Press. Difference
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Fig. 6b Effect of Temperature at Various Press. Difference

5. Effect of Initial Imperfection

During the installation of a pipeline, the pipeline can be
The
trenching and burial operations modify the prcfile of the

laid across an uneven seabed and buried later.

foundation on which the pipeline is resting. Therefore, the

original profile of the pipeline can be changed. If an

“obstruction on the seabed falls under the pipe, the profile of

the pipeline may be bended upward. Figure 7 presents the
safety factors by variation of the initial imperfections. The
safety factors are changing very rapidly with respect to the
value of initial imperfections. Therefore, the effect of initial
imperfection is significant on the pipeline design.
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Fig. 7 Safety Factor due to Initial Imperfections
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Fig. 8 Safety Factor due to Load Factors
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6. Effect of Load Factor

The uplift resistance of the soil on the pipeline is a
function of the dead weight of the soil and the amount of
fricion or shear force. The shear force depends on the
cover height of soil and load factor. For the most cover
the load factor varies between 0.3 and 0.5.

Through the experimental data for gravel and rock dumps,

conditions,

the common load factor has a value of around 0.6 but it
depends on the soil conditions. Figure 8 shows the safety
factor changes linearly by changing load factor variations.
The estimation of the load
uncertainties.

factor includes some
Therefore, the selection of the load factor is very important

in the upheaval buckling analysis.

7. Concluding Remarks

A simple procedure for the analysis of the upheaval
buckling was established by using a simplified method. The
simplified method can be used for a preliminary design of
the pipelines.

The results of calculations of effective axial forces and
safety factors of the buried liquid pipeline due to the
temperature, pressure, load factor and initial imperfection
are as follow:

1) The effect of temperature is greater than the effect of
pressure on effective axial force and upheaval buckling of
the pipelines.

2) The initial imperfection is very sensitive to the upheaval
buckling,

3) The load factor is also very sensitive to upheaval
buckling. Therefore, the conservative values of the load
factors are recommended for a preliminary design.
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