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Abstract: Dent, which 1s one of the important factors atfecting pipeline fatigue life, substantially reduces the
fatigue life of the pipeline in service. Meanwhile, the dent displacement will be changed with the operation

pressure fluctuations of the in-service pipeline, resulting in a circular bending stress, which directly affect the
pipeline fatigue life. Finite element models of typical lateral and axial dent were established under different
circumstances. On the basis of considerable calculations, the results were subjected to umivarate and
multivariate analyses, yielding the dependences of displacement on different parameters. The calculation results

were fitted by non-linear regression. The relationships between the maximum displacement of two kinds of
typical dented pipeline and the dent depth, diameter and thickness of pipeline and the dent longitudinal length
were acquired by establishing mathematical models. And the characteristics of the displacement variation and
mathematical model of typical lateral and axial dent were obtained.
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INTRODUCTION

Maintaining a high level of pipeline integrity and
reliability of o1l and gas industry 1s very important. It has
been reported by the United States Transportation
Department that mechamcal damage is one of the most
critical reasons accounting for pipeline accidents, in
which mdentation (or simply dent) is most typical. The
Fig. 1 18 dent cross-section shape (Noronha et af., 2010;
Wuetal, 2013a).

In order to avoid pipeline accidents and prolong the
pipeline operation life, many standards were made in
foreign. These standards such as Canada pipeline design
standard made by Canadian Standards Association,
ASME B31.4 and ASME B31 .8 all require the dent depth
less than 6% of the pipe diameter (Rinehart et al., 2002,
Allouti et al., 2012; Wuet al., 2011).

Dent depth 13 one of mmportant mdex, which
determine whether the damaged pipeline should be
repaired. But, only considering dent depth 1s not enough,
dent length, pipe diameter and wall thuckness are also
important indexes (Wu et «l, 2013; Hojjati and
Lukasiewicz, 2008; Al-Muslim and Anf, 2011).

Under the effect of internal pressure, the dented pipe
can have certain recovery, which will mcrease with the
increase of internal presswre. Dent recovery can be
described by the recovery ratio, which is the ratio of the

. Displacement Wall initial position +

Fig.1: Typical dent cross-section shape

ultimate dent depth that undergoes the dent recovery
and the original dent depth
disturbance 1s removed. The dent recovery ratio 1s the
very important parameter to influence the fatigue life of
the dented  pipeline. fatigue tests
concerning typical dents have been performed hitherto
(Allouti et al., 2012).

There 1s a direct correlation between the

after the external

Numerous

dent
recovery and the maximum displacement when the dented
pipeline suffered the operating pressure. In order to
accurately evaluate the fatigue life of dented pipeline, the
displacement was subjected to single-factor and multi-
factor analyses by regression based on finite element
calculation results.
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LATERAL ANDAXTAL TYPICAL DENT MODELING

According to the data accumulated at the scene, the
dents on pipeline can be classified mnto two typical dent:
lateral and axial dent (Fig. 2 and 3). The finite element
analysis 18 carried out in this paper.

Finite element software was utilized to establish the
dented pipeline models under different circumstances.
According to the real stress state and geometry shape of
the pipe in the presence of internal pressure, half pipe
mcluding dent defects was selected by axisymmetric
principle.

Apparently, boundary conditions affect deformation
differently even at identical loads. However, compared to
the dimension of pipelines, the dent in a pipe is so small
that it cen always be treated as a local deformation.
Therefore, the pipe was set sufficiently long in the FE
model (6 times longer than the outer radius of pipe) to
generalize the research and maintain the impact of
boundary addition, the boundary
conditions of both ends of the pipe were fixed to sunulate
the actual situation (Beak et al., 2012).

In fact, most dent defects are induced during
construction, after which the external disturbance is
eliminated. Thus, the FEM model only considers formed
dents. Besides, the influence of internal pressure rather
than that of external load is involved.

Foure-node shell element SHELL 63 was used to
mesh the solid model. Different meshing densities were

conditions. In

used to simulate the dent, from which the optimal one was
selected according to the analytical process, calculation
accuracy and time and etc (Limam et af., 2012). The FE
models of lateral and axial dent are respectively in Fig. 4
and 5.

The model of the original dent originates,
respectively from a small round stick compressing pipeline
along the lateral and longitudinal (axial) pipe. The diameter
and wall thickness of the pipe are D and t respectively.
The longitudinal dent length of the FE model is L. Dent
length 1s the distance between adjacent intact cross-
sections on both sides of the dent. The dent depth of the
FE model 1s d. Dent depth 15 the maximum displacement of
the pipe wall thickness on the site of dent The internal
pressure of the FE model is P. The internal pressure is all
equal to 3.45 Mpa for fimte element computation. In
addition, the finite element model conformed to some
existing papers that study the similar problems.

Figure 6 and 8 are the deformation and displacement
of lateral typical dent, respectively at 3.105 MPa.
Fig. 7 and 9 are the deformation and displacement of axial
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Fig.2: Shape of lateral typical dent
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Fig.3: Shape of axial typical dent

Fig.4: FE model of lateral typical dent.

Fig.5: FE model of a typical dent

Fig.6: Deformation of lateral typical dent

typical dent respectively at 3.105 MPa. The ratio of pipe
diameter to wall thickness (D/) 1s 30 and the ratio of dent
depth to pipe diameter 1s 0.08.
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Fig 8: Displacement of lateral typical dent (mm)
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Fig.9: Displacement of axial typical dent (mm)
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Fig. 10: Relationship of the maximum lateral typical dent
displacement and dent depth

SINGLE FACTOR ANALYSIS OF DISPLACEMENT

Dent depth: Figure 10 and 11, respectively show the
relationships between the two kinds of dent maximum
displacement (DMX) and dent depth (d) in case of
different ratio of pipe diameter and wall thickness (D/t)
when the other parameters 1s unchanged. The values of
Ditare, respectively 18, 20, 25, 30, 35, 40, 45, 50 from down
to up in two figures.
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Fig.11: Relationship of the maximum axial typical dent

displacement and dent depth

As can be seen from the above two figures, the
variation of lateral typical dent is more complicated than
axial. The change curve of lateral typical dent is more
close to the parabolic curve and the axial one is more
close to the straight line. This shows that the influence of
dent type on the relationship between the displacement
and dent depth is quite big.

As a whole, the maximum displacement 13 elevated
with increasing dent depth. But when the values of D/t are
more than 35, the maximum displacement of lateral dent
increased first and then decreased with mcreasing dent
depth. So, for lateral dent, the more D/t is big namely the
more pipe tend to thin, the more change trend of maximum
displacement with the dent depth variation is obvious.
This 15 a very special characteristic.

When the other parameters remain unchanged, the
relationship between the maximum displacement of lateral
dent and dent depth can be expressed by the sine
function model (Sine brackets for radian) below:

DMX = asin(bd + ¢ (N

And the relationship between the maximum
displacement of axial dent and dent depth can be
expressed by the power function model below:

DMX =ad" 2

The Table 1 and 2, respectively list out the
coefficients of Eq. 1 and 2 between the maximum
displacement and dent depth under the different values of
D/t

The correspending correlation coefficient square (R?)
of the expression in Table 1 are more than 0.9. The
classification is according to the principle of fitting the
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Table 1: Values of coefficients at different D/t

Table 3: Vahies of coefficients at different diameter

Coefficient Coefficient
Dit a b C D (mm) a b
(15,22) 1.211 0.618 3.182 400 0.0008 1.3262
2227 1.971 0.615 22.069 500 0.0120 0.7828
(27.32) 2.79%4 0.613 3.245 600 0.0150 0.7956
(3237 3.787 0.646 31.299 700 0.0280 0.7302
(37.42) 4.947 1.238 3.266 800 0.0460 0.7361
4247 6.261 0.608 9.550 900 0.0460 0.7235
(47,52) 7.726 0.607 3.263 1000 0.0530 0.7136
Table 2: Values of coefficients at different D/t Table 4: Vahies of coefficients at ditferent D/t
Coefficient Coefficient
D a b D (mm) a b c
18 0.0029 1.3 400 2744.9 0.300 3.100
20 0.0039 1.3 500 6.2200 0.001 6.261
25 0.0072 13 600 3.7540 0.002 12.48
30 0.0012 1.3 700 4.6460 0.002 6.190
35 0.0179 13 800 5.7570 0.002 6.170
40 0.0257 1.3 900 7.2830 0.002 6.164
45 0.0351 13 1000 7.7260 0.607 3.263
50 0.0463 1.3
8
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Fig. 12: Relationship of the maximum lateral typical dent
displacement and 1./TD

best. And the cormresponding correlation coefficient
square (R°) of the expression in Table 2 are more than 0.99,
indicating a satisfactory fitting effect.

In addition, in Table 2, coefficient b which 1s equal to
1.3 15 constant and only the values of coefficient a are
increase with the increased of D/t. The coefficients can
also be determined by the interpolation method when the
D/t values fall out of those listed in Table 2 because D/t
and the maximum displacement are linearly correlated.

Longitudinal dent length: Figure 12 and 13, respectively
show the relationships between the two kinds of Dent
Meaximum Displacement (DMX) and the ratios of
longitudinal dent length and pipe diameter (I/D) at
different pipe diameter when the other parameters is
unchanged. The values of D are, respectively 400, 500,
600, 700, 800, 900, 1000 (mm) from down to up m two
figures.

As can be seen from Fig. 12 and 13, the maximum
displacement 1s elevated approximately with increasing
the values of L/D and the relationship between the

Fig. 13: Relationship of the maximum axial typical dent
displacement and L/D

maximun displacement and T/D is closed to linear. In
addition, the former changes less sigmficantly with varied
L/D at lower pipe diameter values and vice versa.

When the other parameters remain unchanged, the
relationship between the maximum displacement of lateral
dent and longitudmal dent length can be expressed by the
found funetion model below:

DMX =alL” 3

And the relationship between the maximum
displacement of axial dent and longitudinal dent length
can be expressed by the sine function model (Sine
brackets for radian) below:

DMX =asin{bL + c) (4)

The Table 3 and 4, respectively list out the
coefficients of Eq. 3 and 4 between the maximum
displacement and longitudinal dent length under the
different values of L/D.
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Fig.14: Relationship of the maximum lateral typical dent
displacement and D/t
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Fig.15 Relationship of the maximwum axial typical dent
displacement and T./D

The corresponding correlation coefficient square of
the expression in Table 3 and 4 are all more than 0.98,
indicating a satisfactory fitting effect. The coefficients can
also be detenmined by the interpolation method when pipe
diameter fall out of those listed in Tab. because pipe
diameter and the maximum displacement are linearly
correlated.

Pipe wall thickness: Figure 14 and 15, respectively show
the relationships between the two kinds of dent maximum
displacement (DMX) and pipe wall thickness (t) in case of
different ratio of pipe wall thickness and diameter (d/D)
when the other parameters is unchanged. The values of
d/D are respectively 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07,
0.08,0.09, 0.1, 0.11 from down to up in two figures.

As can be seen from the above two figures,
displacement change curves are all smooth curve and the
maximum displacement 13 elevated with increasing the
values of D/t For axial typical dent, displacement
variation 1s quite uniform with increasing D/t at different
values of d/D. But, for lateral typical dent, displacement
variation 1s reduced with mcreasing D/t at different values
of d/D.
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Fig.16: Relationship of the maximum lateral typical dent
displacement and pipe diameter

Table 5: Values of coefficients at different dent depth

Coefficient
D (mum) a b
{0,15) 4.045 -0.08
(15.25) 16.66 -0.105
(25,35) 24.813 -0.099
(35,55) 38444 -0.097
(55,115) 30.366 -0.073

When the other parameters remain unchanged, the
relationship between the maximum displacement of lateral
dent and pipe wall thickness can be expressed by the
index function model below:

DMX = ae™ (5

And the relationship between the maximum
displacement of axial dent and pipe wall thickness can be
expressed by the power function model below:

DMX = at® (6)

The Table 5 and 6, respectively list out the
coefficients of Eq. 5 and 6 between the maximum
displacement and pipe wall thickness under the different
dent depth.

The corresponding correlation coefficient square of
the expression in Table 3 and 4 are more than 0.95,
indicating a satisfactory fitting effect. The classification
is according to the principle of fitting the best. Tn addition,
the coefficients can also be determined by the
interpolation method when pipe diameter fall out of those
listed in Table because the values of d&/D and the
maximumn displacement are linearly correlated.

Pipe diameter: Figure 16 and 17, respectively show the
relationships between the two kinds of dent maximum
displacement (DMX) and pipe diameter (D) in case of
different ratioc of longitudinal dent length and pipe
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Table 6: Values of coefficients at different dent depth

Coefficient

D {mm) a b

(0,20) 662.82 -2.25
(20,30) 39901.14 -2.55
(30,40) 9800.80 -2.66
(40,50) 16521.50 -2.69
(50,60) 27777.53 -2.75
(60,70) 39236.49 -2.77
(70,80) 48345.85 -2.77
(80,90) 54163.99 -2.75
(90,100) 50745.87 -2.64

Table 7: Values of coefficients at different L/D

Coefficient

LD a b

(0,0.1) 0.0717 0.003
(0.1,0.2) 0.1210 0.003
(0.3,04) 0.1959 0.003
(0.4,0.5) 0.2329 0.003
(0.5,0.6) 0.2655 0.003
(0.6,0.7) 0.2903 0.003

Table 8: Values of coefficients at different 1D

Coefficient

LD a b

(0,0.1) 291 E(-8) 2.65
(0.1,0.2) 2.65E(-8) 2.74
(0.3,04) 549 E (-8) 2.68
(0.4,0.5) 1.53 E (-8) 2.56
(0.5,0.6) 376 E(-8) 2.45
(0.6,0.7) 73 E(T 2.36

diameter (L/D) when the other parameters 1s unchanged.
The values of L/D are, respectively 0.1, 0.2, 0.7, 0.4, 0.5,
0.6, 0.7 from down to up m two figures.

As can be seen from the above two figures, change
curves are very similar and closed to linear correlation. As
a whole, the maximum displacement is elevated with
increasing the values of pipe diameter. It is worth noting,
for lateral typical dent, the displacement change is
fluctuated at bigger pipe diameter with the bigger values
of I/D. But, these fluctuations may be the result of
caleulation error.

When the other parameters remamn unchanged, the
relationship between the maximum displacement of lateral
dent and pipe diameter can be expressed by the index
function model below:

DMX = ae®™® (M

And the relationship between the maximum
displacement of axial dent and longitudinal dent length

can be expressed by the power function model below:

DMX = aD’ (&)
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Fig.17: Relationship of the maximum lateral typical dent
displacement and pipe diameter

The Table 7 and &, respectively list out the
coefficients of the Eq. 7 and 8 between the maximum
displacement and pipe diameter under the different /D).

The corresponding correlation coefficient square (R*)
of the expression in Table 7 and 8 are more than 0.95,
indicating a satisfactory fitting effect. The classification
is according to the principle of fitting the best.

MULTI FACTOR ANALYSIS OF DISPLACEMENT

Lateral typical dent: When d/D and D/t are changed while
maintaining the other parameters constant, the
relationship between the maximum displacement, d/D and
D/t can be expressed as:

0618 2133
DMX = 0.008 [%j [E] )]

t

The correlation coefficient square of the fitting
formulae 15 0.94.

When T, and D are altered while maintaining the other
parameters unchanged, the relationship between the
maximumn displacement, T, and D can be expressed as:

DMX = 4.726D! ™2™ (10)

The correlation coefficient square of the fitting
formulae are more than 0.99. When the pipe inner pressure
is equal to other values, due to the relationship of stress
and pipeline pressure is linear correlation, it can be got by
interpolation method. In other more mternal pressure
fluctuations cases, more research was needed to
determine the each factor of the multi-factor expressions.

Axial typical dent: When d/D and D/t are changed while
maintaining the other parameters constant, the
relationship between the maximum displacement, d/D and
D/t can be expressed as:
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2657 1.34
DMX:0.0IZ4[%} [E] (1)

D

The correlation coefficient square of the fitting
formulae is 0.94.

When L. and D are altered while maintaining the other
parameters unchanged, the relationship between the
maximun displacement, I. and D can be expressed as:

DMX = 6.28D? 114112 (12)

The correlation coefficient square of the fitting
formulae are more than 0.99. When the pipe inner pressure
15 equal to other values, due to the relationship of stress
and pipeline pressure is linear correlation, it can be got by
interpolation method. Tn other more internal presswure
fluctuations cases,
determine the each factor of the multi-factor expressions.

more research was needed to

RESULTS
Displacement variation characteristics:

» For the relationship between dent depth and
displacement, the variation of lateral typical dent 1s
more complicated than axial. The change curve of
lateral typical dent is more close to the parabolic
curve and the axial one is more close to the straight
line. This shows that the influence of dent type on
the relationship between the displacement and dent
depth is quite big. As a whole, the maximum
displacement is elevated with increasing dent depth.
But when the values of D/t are more than 35, the
maximum displacement of lateral dent increased first
and then decreased with mncreasing dent depth. So,
for lateral dent, the more D/t 1s big namely the more
pipe tend to thin, the more change trend of maximum
displacement with the dent depth variaton i1s
obvious. This is a very special characteristic

¢  TFor the relationship between longitudinal dent length
and displacement, the maximum displacement is
elevated approximately with increasing the values of
/D and the relationship between the maximum
displacement and T./D) is closed to linear. Tn addition,
the former changes less significantly with varied L/D
at lower pipe diameter values and vice versa

*  For the relationship between pipe wall thickness and
displacement, the change curves are all smooth curve
and the maximum displacement 15 elevated with
mcreasing the values of DA. For axial typical dent,

displacement variation is quite umform with

increasing D/t at different values of d/D. But, for
lateral typical dent, displacement variation is reduced
with mcreasing D/ at different values of d/D

¢+ For the relationship between pipe diameter and
displacement, the change curves of two kinds of dent
are very similar and closed to linear correlation. As a
whole, the maximum displacement is elevated with
mereasing the values of pipe diameter. But, for lateral
typical dent, the displacement change is fluctuated at
bigger pipe diameter with the bigger values of L/D

Mathematical models:

»  When the other parameters remain unchanged, the
relationship between the maximum displacement of
lateral dent and dent depth can be expressed by the
sine function  (Sine  brackets for radian)
DMX = a sin (bd+c) and the relationship between the
maximum displacement of axial dent and dent depth
can be expressed by the power function DMX = ad".

»  When the other parameters remain unchanged, the
relationship between the maximum displacement of
lateral dent and longitudinal dent length can be
expressed by the found function DMX = aL" and the
relationship between the maximum displacement of
axial dent and longitudinal dent length can be
expressed by the sine function DMX = a sin (bL+c)

»  When the other parameters remain unchanged, the
relationship between the maximum displacement of
lateral dent and pipe diameter can be expressed by
the index function DMX = ae" and the relaticnship
between the maximum displacement of axial dent and
longitudinal dent length cen be expressed by the
power function DMX = aD"

»  When the other parameters remain unchanged, the
relationship between the maximum displacement of
lateral dent and pipe diameter can be expressed by
the index finction DMX = ae'® and the relaticnship
between the maximum displacement of axial dent and
longitudinal dent length can be expressed by the
power function DMX = aD"
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