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ABSTRACT

In this work, the conservatism degree in the assessment of dents of the standard API-579/
ASME FFS-1 part 12, was determined through finite element method (FEM) simulations. The
study was applied for pipeline steel subjected to internal pressure. In the modelling by FEM,
three main conditions were considered as variables: increase of length and width of the dent,
gradual increase of depth dent and progressive variation of the internal pressure. The obtained
results indicate that there is a 46% degree of conservatism in the level 1 assessment of dents.
This means that, a pipeline could reach a depth dent over the 13%, respect to the outside
diameter of the pipe, without requiring an immediate repair or replacement of the component.
Additionally according with the results, the depth dent is not the only determining factor to
assessment the damage severity, since both the length and width of the dent as well as the
pipeline internal pressure are important factors to considerer for the assessment.
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INTRODUCTION

The dent damage as a cause of failure, in the transport pipelines of hydrocarbons that are
exposed to the environment, is also the most difficult to evaluate because of their geometric
complexity [1-7]. A simple dent is defined as a damage that causes a change in the permanent
curvature of the wall of the pipe without reducing the thickness, it is usually assumed that it
does not contain other defects or imperfections [8]. The simple dents represent mechanical
damages, which can fail to loads by internal pressure smaller than those of design, because
they generate a concentration of stress and a high deformation in the contours as well as in the
dent [9].

The origin of the dents is mainly due to the damage done by third parties and the ground
displacements in which there are strong blunt objects having direct contact with the pipeline,
generating elastoplastic deformation on its surface [10, 11].

Assessment of dents, using the standard API 579-1 / ASME FFS-1, emerges as a tool for
fitness for service of a damaged element [12]. In Level lassessment, in order to establish an
acceptance or rejection criteria of damage, establishes a dent depth limit of 7%, without
deepen on the integrity of the pipeline. Actually, a reduction of internal pressure is proposed
to continue the operation [7, 9].
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The Level 2 assessment indicates that if the component is not subjected to work cycles it can
continue operating. By contrast, if it is submitted to work cycles, it will be necessary to
calculate the number of acceptable cycles that can continue operating the pipeline.

The level 3 assessment is realized by the use of the Finite Element Method (FEM), which is
the most accurate and used method for stress analysis [5-7, 11, 13-16]. The analytical method
contained within Annex Bl of API 579-1 / ASME FFS-1: 2007 may be used for stress
analysis when performing a fitness assessment of a component with a flaw. These methods
are typically employed in a Level 2 or Level 3 assessment. The detailed assessment procedure
uses the results of a stress analysis provided, to evaluate components by plastic collapse, local
failure, loop and cyclic loads.

The present work analyzes the conservatism degree of the international standard API 579-1 /
ASME FFS-1, 2007, Part 12 named "Assessment of Dents, Gouges and Dent-Gouge
Combination" at its evaluation level 1; modeling by FEM. The analysis was performed under
three different conditions: the progressive increase of the length and width (aspect) of the
dent, progressive increment in the dent depth and finally, the progressive variation of the load
by internal pressure.

MATERIAL AND METHODS
Physical model

A physical model was performed as shown in Figure 1 which has a dent depth of 10%,
measured with respect to the outer diameter.
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Fig. 1 - Dented pipeline.

Flawless model

A pipe with the original dimensions of the physical model (omitting the dent) was realized by
a 3D CAD software, in order to know the stress state generated in this component. First, an
analytical calculation of the state of stresses present in the tube was made by the Barlow
equations, which correspond to the circumferential stress (oc¢), according to equation 1:

o =22 (1

And the longitudinal stress (o), by equation 2:
o, = 2)

4t
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Where:
P= Internal pressure

D= Outer cylinder diameter
t= Wall Thickness

The simulation of the flawless pipeline was done to know the generated stress in an isotropic,
continuous and homogeneous material, according to the mechanics of the continuous
medium. In addition, the Von Mises yield criteria was used to compare the FEM and the
analytical results, in order to know the percentage of error that is made when performing
simulations.

Besides, from the Barlow circumferential stress equation, the failure pressure (Pg) of the
component under operation conditions was calculated, to determine the integrity reduction
produced as a consequence of the presence of a dent.

First condition of experimentation: variation on length and width of the dent.

It was sought to observe the effect that causes by the increase of the longitudinal and
transverse dimensions of a dent, on the stress state generated in the element. To perform this
analysis, the pressure and dent depth were kept constant as shown in Table 1, in which all the
considered variables are shown.

Table 1 - Variables of the first experiment condition.

Event Pressure (psi) Dent depth (%) Aspect
1 500 7 2
2 500 7 4
3 500 7 6
4 500 7 8
5 500 7 10
6 500 7 12

The “aspect” is a relationship of the variation of the geometry of the dent, which was handled
with the following equation 3:

L
7= 2 = Aspect 3)

Where L represents the length of the dent in the longitudinal direction and T represents the
width of the dent in the transversal direction. The above equation stablish that the length of
the dent will be double the width value.

2.4 Second condition of experimentation: variation of dent depth.

The effect of the increase in dent depth is considered, since it affects the stresses state
generated in the component. To this analysis, the variables of pressure and aspect were kept
constant as shown in Table 2, in which all the considered variables are annotated.
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Table 2 - Variables of the second experiment condition.

Event Pressure (psi) Dent depth (%) Aspect
1 600 4 4
2 600 4
3 600 10 4
4 600 13 4
5 600 16 4
6 600 19 4

The dent depth (dp) is considered with respect to the outside diameter of the pipe (D) handled
with equation 4, the maximum height of the dent is in the central zone and its depth varies as
it approaches the edges axial and lateral.

2 x (100%) = A% = Dr 4)

Third condition of experimentation: variation in the internal pressure.

It was sought to observe the effect of the internal pressure on the dent and how it affects the
stress state generated in the component. In order to perform this analysis, the variables of dent
depth and aspect were kept constant as shown in Table 3.

Table 3 - Variables of the third experimental condition.

Event Pressure (psi) Dent depth (%) Aspect
1 100 10 4
2 200 10 4
3 300 10 4
4 400 10 4
5 500 10 4
6 600 10 4
7 700 10 4

FEM simulations

In order to obtain a more precise analysis of the stresses generated in the dent, the standard
API 579-1 suggests to use a refinement in the analysis zone. In this work, a mesh of 0.1
inches in the whole element is used. In addition, the tetrahedral method mesh was used, which
generates 4 nodes and 151,572 nodes, distributed throughout the element. Once the mesh was
obtained, the boundary conditions were programed. According to the classification of loads of
the API 579-1, only the load by internal pressure was considered. On the other hand, the fixed
conditions of the component were set as the ends of the pipe, as shown in Figure 2.
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Fig. 2 - Fixed component supports.

The mechanical properties assigned to the FEM model are shown in Table 4. The material
was assessed under non-linearity conditions as set out in API 579-1 in Annex B1. In addition,
the tensile strength properties were obtained from previous work of Angel Islas [9], who
performed an experimental stress-strain curve of the material.

Table 4 - Mechanical properties for the FEM model.

Property Value

Young Modulus 29950.30 ksi

Ratio of Poisson 0.3

Density 490.0595 Ib/ ft’

uTs 61.74 ksi

Yield Stress 43.30 ksi

K 128.46949

N 0.3625
RESULTS AND DISCUSSION

Flawless model

The FEM model of the flawless pipe show that a maximum Von-Mises stress of 14.053 psi, as
shown in Figure 3.

C: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: psi

Time: 1

03/10/2016 03:18 p. m.

14053 Max
12566
11080
9592.9
8106.2
6619.5
5132.8
3646.1
21594 \
672.71 NEEN

4.000(in)

Fig. 3 - Stresses generated in a pipeline without defects.
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In order to calculate analytically the Von Mises stresses, the Barlow equations were used,
since the principal stresses 6; and 6, correspond to the circumferential (6¢) and longitudinal

(oL).

Then, the oc stress was assessed by the Barlow equation

PD
oc =5, (1)

_ (500psi)(3 pulgadas)
%€ = 2(0.0480315 pulgadas)

= 15,614.76 psi

The longitudinal stress (or) was also assessed:

PD
T @)
(500psi) (3 pulgadas) .
- = 7,807.
gy, 4(00480315 pulgadas) ;80 38 psi
With the von Mises equation
g = \/if[(o'l —0,)%+ (0, — 03)* + (03 — 01)2]0.5 )

analyzed

We proceed to calculate the analyzed stress (o ), taking as main stress those obtained

from the Barlow equation, as follows:
oc = 04 = 15.614 ksi
o, = 0, = 7.807 ksi

03 = 0 ksi

analizado i

Substituting in the equation 5, o s:

ganalizado — % [((15.614 ksi) — (7.807 ksi))* + ((7.807 ksi) — (0 ksi))®

0.5
+ ((0 ksi) — (15.614 ksi))z] = 13.522 ksi

This result was compared to the result provided by the FEM simulation:

FEM Simulation gStmulated—13 503 ksj
Equation of Von Mises gonalyzed=13 522 ksi

It is observed that there is a slight difference between both results. Hence, the error percentage
was calculated according to equation 6:
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analizado _ simulado

g (2

ganalizado

%E = ( ) x 100 (6)

13.522 ksi — 13.503 ksi
%E—(

X = 0.149
13.522 ksi ) 100°=0.14%

The error percentage is less than 1%, therefore the FEM simulations comply with API 579-1
annex Bl requirements. Once the FEM simulations were verified, the obtained values for
each experimental condition are reported.

Finally, the equation 1 was reorganized to determine the failure pressure and the yield
pressure as shown in equations 7 and 8 respectively. With these values, it is sought to know
the integrity reduction of the component.

Reorganizing the Equation 1:

PD 20t
0= - Pfailure or yield = T~
Failure pressure
20t
Praiture = Y (7)
2(61.74 ksi)(0.0480315 in) _ ,
Praiure = Gm = 1.976 ksi = 1976 psi
Yield pressure
20t
Pyieia = —- (8)
2(43.30 ksi)(0.0480315 in) _ ,
yield = 3 in) = 1.386 ksi = 1386 psi

First condition results

During this condition, stress concentration is observed in the dent zone with values of
approximately 61,717 psi. Further, as the reported stresses approaches to the UTS of the
material, these areas tend to bind. Figure 4 shows that the highest reported stress is 61,717 psi,
which is in the dent zone.

On the other hand, the reported stresses in the component increase as increase the longitudinal
and transversal dimensions, which exhibit that the geometrical dimensions of the dent are also
an important factor to consider. By contrast, the API 579-1 standard does not consider the
geometrical characteristics of the dent, until the Level 3 of assessment. Table 5 show the
aspect ratio variation as well as the stress obtained in each event.
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C: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: psi

Time: 1

01/10/2016 10:47 p. m.

61717 Max
55101

8786
2169.6 Min

4,000(in)

Fig. 4 - Dented pipeline with aspect 12.

Table 5 - Variation in aspect of the dent.

Event Aspect oym (ksi)
1 2 40.21
2 4 52.09
3 6 57.63
4 8 60.14
5 10 61.28
6 12 61.71

Second condition results.

Table 6 show the dent depth variation, as well as the stress obtained in FEM simulations.

Table 6 - Variation in dent depth.

Event Dent depth (%) oym (ksi)
1 4 38.88
2 7 44,06
3 10 50.29
4 13 54.55
5 16 61.06
6 19 61.25

According to the FEM simulations, it is observed that a dent of 16% is already close to
failing. For that reason, a 13% dent depth was proposed as a limit for the calculation of
conservatism, to know what percentage of the component considers useful API 579-1.

Third condition results.

Table 7 show the internal pressure variation as well as the stress obtained in each event.
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Table 7 - Variation in the internal pressure of the pipeline.

Event Pressure (psi) oym (ksi)
1 100 13.57
2 200 27.22
3 300 40.95
4 400 51.94
5 500 58.15
6 600 60.84
7 700 61.49

The increment of the internal pressure performed in the third condition, show that at pressure
above the 700 psi, the simulated component tends to fail inevitably, due to the reduction of its
integrity.

Critical areas

A phenomenon observed steadily during the FEM simulations is reported in Figure 5, where
areas of high stress concentration can be seen, these define the critical zones of the dent.
These critical areas represent the sites where the dent will begin to fail, which are in the sides
of the central zone of the dent on the longitudinal direction. This results support the work
done by G. Latorre et al., who reported that the failure initiation zones, in the hydrostatic
tests, are far from the central area of the dent, where apparently is the greatest damage [11].

0.000 1.500 3.000(in)
| EEEaaa— EE—
0.750 2.250

Fig. 5 - Critical areas of the dent.

Parametric analyzes

In order to facilitate the management of all the information obtained, a parametric analysis of
the three different conditions was realized. These analysis were considered dimensionless. To
parametrize the stress, the FEM simulations stresses (oym) were divided by the UTS of the
material, which will be the maximum criterion of acceptance. The dimensionless number
named “Sr”, is set in the ordinate axis, as described in Equation 9:
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5, = 2 9)

First condition analysis

In the abscissa axis, the product of length (L) and the width (A) of the dent, divided by the
product of the outer diameter (D) and the thickness (t) of the pipeline, was considered as the
Gr ratio, as shown in equation 10:

LA

G, = —
r Dt

(10)
The Gr ratio show the element behavior, analyzing the flaw size respect to the pipeline
dimension. To perform the analysis, each ratio was plotted for the simulated conditions, as
shown in Figure 6. It can be seen that when Gr = 80 the component tends to fail.

Under these conditions, a dent with dimensions of 12 cm in length, 7 cm in width, a depth of
7% and an internal pressure load of 500 psi, the pipeline tends to fail. This allows to know
that the dimension of the dent is also an important factor that must be considered in the
evaluation of dents. It is inferred that if these dents were analyzed at a lower internal pressure
than the one used in the FEM model, they will generate lower Sr values leading to a safer
operating area. Thus, the operation will continue without the need to remediate the pipeline.

Srvs. Gr
11
1 , ®2-1cm
)¢ y N
0,9 A 1
W4-2cm

0,8 - |
0,7

e A6-3cm
0,6

7]

05 X 8-4cm
0,4
0,3 X 10-5cm
0,2
01 12-6cm
0

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85

Gr

Fig. 6 - Parametric analysis of the variation on length and width of the dent.

Second condition analysis

In the second condition, the depth of dent (dp) divided by the external diameter (D) and
multiplied by 100 was considered in the axis of the abscissa and named as "Dr", which is
dimensionless. The “Dr” ratio is used in several investigations to determine how dent depth
affects the element integrity. In this paper, this ratio will allow to know the margin of
conservatism handled by API 579-1 Part 12 in Level 1 assessment, with respect to Level 3
assessment. To perform the analysis, these relationships were plotted for each simulated
experimental condition, obtaining the relation of the stresses against the dent depth, as shown
in Figure 7.
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Fig. 7 - Parametric analysis of the variation in dent depth.

In the parametric analysis of Figure 7 it is observed that at a depth of 16% at a condition of
600 psi and a length of 4 cm and width of 2 cm of dent the element tends to fail.

A dent depth of 7% or less, marked by the Level 1 of the standard API 579-1 FFS as a critical
criterion, turns out to be conservative because its stress ratio is close to 0.7. In this work, a
dent of 13% is proposed as the limit criterion due to its proximity to 0.9 in the stress ratio. In
addition, this component was simulated operating at internal pressure of 600 psi, which could
easily be reduced to operate safely.

To calculate the conservative margin of API 571-1, the equation 11 is used:

%Dent proposal — % Dent of API 579-1

% Conservatism = % Dent proposal x(100%) (11)
. 13% — 7%
% Conservatism = Tx(loo%) = 46.15%
0

The conservative margin of API 579-1 with respect to this work would be 46.15%, comparing
both depths of dents. According to the degree of conservatism, assessment by level 1 of the
standard API 579-1 underestimates the integrity of the pipe to less of the half, because
variables as the length and width of the dent are not considered, even when they are important
factors to consider in dent assessment.

Third condition analysis.

The Pr parameter was used to know when the component would fail due to the presence of a
mechanical damage. This parameter shows how the integrity of the pipeline is affected and is
calculated from the applied pressure (Pa) divided by the failure pressure (Pf), giving a
dimensionless number, as set in equation 12. The ratio of the stresses against the progressive
increase of the load on the axis of the abscissa is obtained, as shown in Figure 8.

P== (12)
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Srvs. Pr
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Fig. 8 - Parametric analysis of the variation in the internal pressure of the pipeline.

The previous figure shows the parameterization of the progressive increment of the internal
pressure. It can be seen that a pressure of 600 psi (or greater), in a pipeline with a dent of 4
cm length and 2 cm width and dent depth of 10% will fail. This conditions were simulated by
FEM analysis, obtaining stresses of 61.49 ksi, which are higher than the UTS of the material.
However, a reduction in the operating pressure, let that an element with 10% dent depth, that
is larger than the proposed in the API 579-1 standard, can continue operating with any
changes or repairs are needed.

A dent compromises the integrity of a pipeline, thus the reduction of the component integrity
was calculated, according to Table 7. The internal pressure of 700 psi was selected due to its
closeness to the UTS. The previously calculated failure pressure was used to know the
reduction of integrity by equation 13 as shown below:

YReduction = LuithoutdentTuieh dent . (1009%) (13)
without dent
. 1976 psi — 700 psi
%Reduction = 1976 psi x(100%) = 64.57%

The reduction of the integrity of a mechanically damaged element by the presence of a dent is
64.57%, in this case the dent has dimensions of 4 cm in the longitudinal direction and 2 cm in
the transverse direction. In addition it has a 10% of dent depth.

CONCLUSIONS

The results of this work indicate that there is a conservatism degree of around 46% in the
evaluation of dents by means of Level 1 of the standard API 579-1 / ASME FFS-1, 2007. In
terms of operability, it represents a problem since components or elements that would not
need replacement or reparation, will be rejected.
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Derived from the study carried out:

1. The dent depth is not the only determining factor for assessing the severity of the damage.
It is also important to consider the width and length of the dent, as well as the system
pressure.

2. The acceptance limit of a dent can be greater than 7% of the outside pipe diameter, in
contrast to stablished by the API 579-1 standard. The results of this work indicate that the
acceptance limit is around 13% of depth.

3. The increase pressure tests indicate that the reduction of the integrity of a component as a
result of the presence of a dent might be 64.57%.

4. Based on the results of the FEM simulations, it is established that the zone in which the
failure initiates are the ending opposite sides on the major axis of the dent.
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