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Abstract. The present work aims to evaluate how dent defects influence the structural integrity of straight and curved
pipelines. Pipelines play a fundamental role in the transport of fluids over long distances and are essential to the energy
industry, particularly the oil and gas industry. Most of the pipeline networks are buried and their integrity is affected by
defects caused by corrosion, dents and other factors. Dent defects induce stress concentration that has been the cause of
a significant number of pipeline failures (EGIG, 2018). This study proposes a computational methodology to assess the
integrity of pipelines with dent defects and subjected to internal pressure. For this purpose, computational models are
generated with the Finite Element Method (FEM) using Ansys software. The present work extends the approach to curved
pipelines in order to evaluate the influence of the curvature on the mechanical behaviour of the pipeline with respect to
the dent defect. Dent defects are generated synthetically by non-linear contact analysis using a spherical indenter with
size variation. To ensure the quality of the result, self adaptive mesh refinement was used in the computational
simulations, with analysis of the convergence of the results and comparison between the use of shell elements and solid
elements. The results show the influence of the defect and demonstrate the extent to which the dent defects induce stress
concentrations that compromise the integrity of the ducts, particularly in the case of the smaller punches and curved
ducts where the defect is generated inside the curvature.

Keywords: pipelines, curved pipelines, dent defect, finite element method, failure pressure.
1. INTRODUCTION

Rigid steel pipelines are considered the most efficient and economical means for transporting oil and gas, being
generally built with high strength steel, however depending on service conditions defects may appear, mainly due to
exposure to hostile environments (JIN et al., 2020).

The most common cause of mechanical damage and failure in pipelines is external disturbances. According to Wang
et al. (2021), dents often appear in long-distance buried pipelines due to impact of landfill stones, impacts of excavation
objects and local earth subsidence.

According to Torres (2016), the type and dimensions of pipelines depend on the needs and installation conditions.
They can be classified according to their use and the fluid to be conveyed. The structural arrangement depends on the
available infrastructure, and sometimes rigid pipelines must be able to overcome topological obstacles, with the need to
perform curvature in these pipes, which are also subject to mechanical damage.

According to Cianciarullo (2022), pipelines are assets in constant growth, as technological and productive advances
in oil and gas exploration drive joint efforts in research and development to avoid harmful risks to the production process,
the environment and people. This requires constant evaluation of the problems that may arise.

Among the methods for evaluating engineering problems, FEM (Finite Element Method) stands out as an effective
computational analysis method that is widely used to investigate the structural integrity of pipelines with defects. This
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requires skilled personnel to generate models that adequately represent the geometry, loads and boundary conditions
within the real configurations, and subsequently requires proper interpretation of the results obtained (SOUZA, 2008).

With this in mind, the aim of this work is to numerically model and analyse, using the finite element method, straight
and curved pipelines with dents, in order to evaluate how these dents influence the integrity of the pipelines. For this, the
present study counts on a comparative analysis of straight and curved pipelines with and without dents. In the analysis of
the straight pipeline with a dent defect, the variation of the depth of the punching is taken into consideration. For the
curved pipeline, the analysis is focused on the effect of the defect in different positions in relation to the curvature.

This paper is divided into four main parts. The first, presented so far, consists of the introductory part with a brief
explanation of the subject and the objectives to be achieved. The second part deals with the computational procedure,
where the use of the software is clarified, detailing how the material was specified, the type of analysis, geometry
modelling, type of element used, mesh configurations, boundary conditions, contact configuration and how the results
were analysed. The fourth step describes the results obtained, listed according to the analysis of operating conditions,
comparison between the types of elements and analysis of critical pressure. Finally, the main conclusions of the analyses
carried out are presented.

2. COMPUTATIONAL PROCEDURE

The computational procedure used to develop this study is based on numerical modelling and simulations using the
Ansys 2022-R2 student version software, in three of its interfaces: Ansys Workbench, Ansys Space Claim and Ansys
Mechanical. The first interface manages the subsequent ones, allowing the type of analysis to be defined and the material
to be used to be configured. The second interface allows 3D or shell modelling of the required geometry. The third
interface configures the mesh, inserts boundary conditions and configures the contacts for analysing the results.

2.1 Type of analysis and material specifications

The type of analysis defined for the study is static structural, as it allows the determination of the displacements,
structural forces, stresses.

The specifications of the material used in all the analyses correspond to the duct model studied in the work of Pimentel
(2014). It is a structural steel whose parameters are shown in Table 1, followed by the values of the stress-strain curve
shown in Table 2.

Table 1. Material properties.

Elastic Modulus, MPa 205,966
Poisson’s Ratio 0.3
Yield Strength, MPa 359
Ultimate Tensile Strength, MPa 472.94

Table 2. Points on the stress-strain curve.

True Strain (m m™?) True Stress (MPa)
0.001743 359
0.009085 390
0.019432 425
0.045966 465
0.099845 472.94
0.199691 472.94

In the Workbench interface, a new material, different from the standard structural steel of the software, was created;
the input data specified in the tables were fed through the isotropic elasticity data, yield stress, ultimate stress and
multilinear isotropic hardening, in order to describe the plastic behaviour of the material composing the desired model.
The definition of the use of the new material was made in the Mechanical interface, where, in addition to defining the
material of the structure, the stiffness behaviour, flexible for the pipeline and rigid for the punch, is defined by selecting
among the options described in the software.

2.2 Modelling geometry and element type

In this work, the pipeline geometry data also follows the dimensions of the Pimentel (2014) pipeline model, as shown
in Table 3.
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Table 3. Dimensions of the pipeline geometry.

External Diameter (mm) Thickness (mm) Length (mm)
547.6 8.1 1,500

These dimensions have been used for both straight and curved pipelines, with a 90° bend considered for the curved
pipeline model.

In order to reduce the computational effort during the simulations, the geometries were modelled taking into account
the symmetry of the pipe. For the straight pipeline, conditions of double symmetry were considered, so the geometry of
1/4 of the pipeline was modelled (Figure 2), and for the curved pipeline, only one symmetry was considered, with the
modelling of 1/2 of the pipeline (Figure 3).

For the geometry of the indenter, a spherical punch with a diameter equivalent to 40% of the external diameter of the
pipeline was chosen, based on what was adopted in the studies of Nogueira (2014) and Aradjo (2015). To understand the
influence of the punch size, a smaller punch was also modelled, with a diameter equivalent to 1/3 of the diameter of the
previous punch (13.3% of the external diameter of the pipeline).

Both two-dimensional shell elements and solid elements were used to model the pipeline. For the analysis of this
study, rectangular elements of the Shell 181 type with 4 nodes and 6 degrees of freedom per node were adopted, as it is
known that these present greater savings in computational effort due to the discretization process that reduces the number
of nodes, and are indicated for the analysis of large non-linear deformations. However, in order to establish a comparison
between the types of elements and to verifify if the elements of Shell 181 could be used reliably for stress analysis of the
study, the simulation was carried out with Solid 187 tetrahedral elements, which has 10 nodes and 3 degrees of freedom
per node, adopting 4 elements in the thickness of the channel in the defect area, in order to compare the results from the
convergence analysis of the mesh with the aim of obtaining more accurate results in terms of maximum equivalent stress.

2.3 Mesh configurations, boundary conditions and contact settings

In terms of mesh configuration, the aim was to characterize a structured mesh, with local refinement control in the
regions subject to higher stress values. For this purpose, quadratic elements were used and to ensure an adequate
refinement in all cases, the mesh was generated using the auto adaptive configuration mode, with 3 maximum refinement
loops and 3 refinement depths, followed by a convergence analysis to obtain accurate results.

The same boundary conditions and internal pressure were used to analyze the different cases, as shown in Figure 1.
In this figure it is possible to visualize the symmetry conditions established by the zero displacement for the X axis (A)
and for the Z axis (C), the condition to avoid movement of the rigid body established in the Y axis by the constraint (B),
the pressure in the inner surface of the pipeline (D), the axial line pressure in the negative Z axis (E) and the condition of
remote displacement of the indenter with a displacement of 60 mm in the negative Y axis, other displacements and zero
rotations (F).

Structural
Time: 2, 5
28/06/2023 14:38

[A] Displacement X

Displacement_¥
Displacement_Z
. Pressure 2: -7,5 MPa

- Line Pressure 2: 981,42 Nf/mm \

E Remaote Displacement S h)L
.

Figure 1. Boundary conditions and internal pressure.

For the cases of curved pipelines, the conditions adopted are the same, but a single symmetry condition is established
(in the Y axis), the axial line pressure is applied at both ends and the displacement of the indenter, although of the same
magnitude, will be different in relation to the position of the axes in each of the cases.

The axial line pressure is a tensile stress at the ends, which refers to the force that the internal pressure would cause
in the p cover, and is calculated by Eq. (1) (ARAUJO, 2015).

P;m T‘l-z (l)

1
2TTrm

Pl:

where P; refers to the internal pressure in the pipeline, ; to the internal radius and r,, is the mean radius.
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The simulations steps are prescribed by time intervals in the software. The first analysis step uses two time steps. In
the first step the internal pressure is set to 7.5 MPa, and the displacement of the punch is applied. In the second time step,
the punch is pulled back, with the internal pressure kept at 7.5 MPa. The dent defects are generated under these conditions
for all the cases studied.

In the following time steps, the pressure is increased in order to obtain the critical pressure for each case. The failure
criterion used for these analyses is the pressure at a point reaching the ultimate stress for pipelines with defects or reaches
the yield stress for intact pipelines, since in the case of an intact pipeline when the yield stress is reached the software
ends the analysis without allowing further pressure increases.

In the contact analysis setup, the established contact area was the pipeline surface and the target area was the punch
surface, with a prescribed punch displacement of 60 mm for both punch sizes. The contact type was assumed to be
standard unilateral frictionless. Asymmetric behavior was defined as the bodies do not have the same stiffness
characteristics, it is a contact between a rigid and a flexible material. The formulation of the contact analysis chosen was
the augmented Lagrangian, as it is the method that generally presents a better conditioning and is less sensitive to the
magnitude of the contact stiffness coefficient (ARAUJO, 2015).

The analysis of the results takes into account the equivalent stresses (von Mises) and the total deformation for each
case. To generate the results, the large deformation tool, which is a specific Ansys module, was activated so that the
software performed a non-linear analysis considering large deformations and displacements.

3. RESULTS AND DISCUSSIONS

The simulations used to generate the results were performed on a computer with 8 GB of RAM and an Intel Core i7
processor with base frequency of 2.9 GHz.

3.1 Operating conditions

With the operating conditions established as described in the computational procedure, simulations were done for
each of the cases studied. In Figure 2 are shown the result of the straight pipeline intact and in Figure 3 of the curved
pipeline intact.

D: Copy of INTEGRO ‘

Equivalent Stress
Type: Equivalent (von-Mises) Stress - Top/Bottom

D: Copy of INTEGRO | B |
Total Deformation
Type: Total Deformation

Unit: MPa Unit: mm

Time: 15 Time: 15

25/06/2023 10:48 25/06/2023 10:49
216,83 Max 0,58383 Max
216,59 046707
216,34 0,3503
216,1 0,23353
215,85 0,11677
215,6 Min 0 Min

Figure 2. Intact straight pipeline with an operating load of 7.5 MPa. A) Equivalent stress. B) Total deformation.

D: Copy of INTEGRO | A D: Copy of INTEGRO B
Equivalent Stress 2 Total Deformation 2

Type: Equivalent (von-Mises) Stress - Top/B Type: Total Deformation
Unit: MPa Unit: mm
Time: 1s Time: 15
25/06/2023 15:07 25/06/2023 15:09
279,43 Max 0,58492 Max
260,27 048109
241,11 037727
221,95 0,27344
202,79 5 0,16962
183,63 Min 0,065792 Min

Figure 3. Intact curved pipeline with an operating load of 7.5 MPa. A) Equivalent stress. B) Total deformation.

From these figures, it is possible to see that the stress distribution along the intact straight pipeline is uniform 216.83
MPa, while in the intact curved pipeline the maximum stress of 279.43 MPa occurs in the inner part of the bend, presenting
higher stress levels than the straight pipeline. For both cases the material does not reach the yield stress (359 MPa) and
maximum displacement is less than 1 mm. The intact straight pipeline has of 6,375 elements in the final mesh and the
intact curved duct 9,768 elements.
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As for the contact analyses, Figures 4 and 5 show the von Mises stress distribution and total strain of the simulations
referring to the defective straight pipeline using different punch sizes after the pull back of the punch.

ype: Equivalent (von-Misgd
Unit: MPa
Time: 25
25/06/2023 15:22 25/06/2023 15:26

19,806 Max
17,605
15,404
13,204
11,003
88025
6,6019
44013
2,2006
0 Min

472,27 Max
425,54
3788

332,07
285,33
2386

191,86
145,13
08,304
51,659 Min

Figure 4. Defective straight pipeline caused with larger indentor, i.e. 40 % of the pipeline outer diameter.
A) Equivalent stress. B) Total deformation.

a it: rm
Time: 0,53632 5 Time: 0,53632 s
25/06/2023 15:50 25/06/2023 15:50

472,94 Max 32,179 Max
aes s 7 s D 28,604
374,43 e 25,028
21,453
17,877
14,302
10,726
7,1509
3,5754
0 Min

325,17
275,91
226,65
1774
12814
78,881
29,623 Min

Figure 5. Defective straight pipeline caused with smaller indentor, i.e. 13.33 % of the pipeline outer diameter.
A) Equivalent stress. B) Total deformation.

As expected, the maximum stress and maximum displacement in both cases happen in the region of contact with the
punch. In the case of the larger indenter, the pipeline reaches the yield stress and exhibits a permanent deformation. The
smaller indentor, even before the total displacement time of the indentor is completed the duct reaches the yield stress of
the material, showing the influence of the size of the indentor. The straight duct with defect caused with a larger indentor
has 6,785 elements in the mesh and the duct with defect caused with a smaller indentor 6,430 elements.

It is worth noting that for the operating conditions, in the first time step of the simulation the displacement of the
indenter is prescribed and in the second time step the pull back. Figure 5 shows the time (0.53632 s) at which the ultimate
tensile strength is reached, this is also shown in Graph 1.

] B Equivalent Stress 3 (Max)

0,53632
472,94 . - [ [

450,
g
s 425,
b 400,
358,77
0, 0,25 0,5 0,75 & 1,25 S 1,75 2,
t[s]

Graph 1. Maximum equivalent stress versus time (straight pipeline with defect caused with smaller indentor).

As the straight pipeline reaches ultimate stress with the smallest indentor size, for the analyses of the curved pipeline
the defects are generated only with larger indentor, i.e. 40% of the pipeline outer diameter. In Figure 6 is shown the duct
with defect in the region superior to the curvature and in Figure 7 the defect in the lateral region external to the curvature.
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25/06/2023 21:08
30,545 Max

Figure 7. Curved pipeline with defect in external curvature. A) Equivalent stress. B) Total deformation.

The equivalent stress, both in the case of the defect above the bend (472 MPa) and in the external position (472.28
MPa), presents a maximum value close to that obtained in the case of the straight pipeline (472.27 MPa), but present a
percentage of approximately 65 % of increase of the permanent deformation after the return of the indenter. The curved
duct with superior defect presents 5,951 elements in the mesh and the curved duct with defect in the external curvature
6,283 elements.

In the case of the curved pipeline with defect in the internal curvature, the simulation indicates that during the
displacement time of the indenter the duct fails, still under operating conditions. In Graph 2, it can be observed the moment
at which the failure occurs, from the instant at which the curve presents a decreasing behaviour. It is worth noting the
result obtained in the simulation of the intact curved pipeline (Figure 3), which shows that the maximum stress
concentration is located in the inner part of the curvature. For this case, the mesh has 4,064 elements.

i8] B Equivalent Stress (Max)

471,02
400,

300,

o [MPa]

200,

100,

0,125 0,25 0,375 0,5 0,625 0,75 0875 1,
t[s]

Graph 2. Maximum equivalent stress versus time (curved pipeline with defect in the internal curvature).
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3.2 Comparison between the types of elements

For preliminary comparison between the use of shell elements and solid elements, a simulation of the equivalent
stress for the case of curved pipeline with a defect in the external curvature was generated using tetrahedral solid elements
with 4 elements in the thickness of the defect region (Figure 8). Figure 9 shows the graph and convergence table displayed

by the software referring to this simulation, and Figure 10 shows the graph and table referring to the equivalent stress
simulation using shell elements (Figure 7A).

Figure 8. Curved pipeline with defect in external curvature using solid elements.

Convergence History

470,34
470,
=
o
=
o S e -
a Equivalent Stress (MPa) M(%)INodesl Elements
g 1 468,73 17342 2586
W 4695 —f---------- s 2 470,34 0,34499 42369 22237
s
3
o 469,25 — - -- - -
o
-
469, [T
468,73

Solution Number
Figure 9. History of convergence of maximum stress using solid elements.
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Figura 10. History of convergence of maximum stress using shell elements.
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It was not possible to obtain adequate mesh convergence using solid elements, as this would exceed the limit of the
number of elements allowed by the student version of the software. However, it can be seen that the use of shell elements
requires a much smaller number of elements and shows convergence. The consistency between the results for the different
element types shows that the use of shell elements was feasible for these analyses.

The time required to generate the results of the solid element simulation was 11 hours and 49 minutes, compared to
1 hour and 25 minutes for the shell element simulation. Therefore, it is estimated that the solid element simulations take
about 8 times longer than the shell element simulations for the studies carried out.

3.3 Analysis of the critical pressure

The following results refer to the critical pressure analysis at yield stress for the intact pipelines and the ultimate stress
for the faulty pipelines. Figure 11 shows the simulation results in terms of stress for the intact straight pipeline and Figure
12 shows the simulation results for the intact curved pipeline.

A: INTEGRO
Equivalent Stress
Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: MPa

Time: 105
25/06/2023 22:38

359 Max
358,98
358,96
358,94
358,92
358,9 Min

Steps | Time [5] | [V Pressure [MPa] | ‘/I\
[0 [10. 12,463 Z X

Figure 11. Equivalent stress of the intact straight pipeline with pressure increment.

D: Copy of INTEGRO

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottom
Unit: MPa

Time: 45
25/06/2023 22:00

359 Max
334,52
310,05
285,57
261,00
236,62 Min

Steps | Time [5] | [V Pressure [MP3] | l—A. X
4 |4 -9.65

Figure 12. Equivalent stress of the intact curved pipeline with pressure increment.

With the increase of internal pressure the straight pipeline reaches the yield stress with a pressure of 12.463 MPa,
consistent with the study of Aradjo (2015), which analyzes this same model of pipeline intact and through analytical
analysis obtains yield stress with pressure just above 12 MPa. On the other hand, the intact curved pipeline reaches the
yield stress with a lower pressure than the straight pipeline, with 9.65 MPa. When the yield stress is reached, for the cases
of the intact pipeline, the software does not allow further pressure increments.

For the contact cases, the yield stress was reached during the defect generation, this explains the permanent plastic
deformation after the punch return, by incrementing the internal pressure the pipelines behave in order to undo the dents,
but as there are residual stresses the yield stress is reached. The results of these simulations can be seen below. In Figure
13 is shown the equivalent stress of the straight pipeline with defect caused with larger indentor.
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Figure 13. Equivalent stress of defective straight pipeline caused with larger indentor under pressure increment.

Steps | Time [s] | [V Pressure [MPa]
[s__|s 10,555

The critical pressure for the case of a straight pipeline with a defect caused by a larger indenter is 10.555 MPa, lower
than the pressure to reach the yield stress for the same pipe without the defect, which was 12.463 MPa.
In Figures 14 and 15 show the results of the critical pressure analyses for the defective curved pipe cases.

26/06/2023 03:00
472,86 Max
421,14
360,43
317,71
265,90
214,28
162,56
110,84
50,123
7,405 Min

Steps | Time [s] [|7 Pressure [MPa) |
|5 |aa4047 [-11,968 \ X

Time: 3,001 s
26/06/2023 02:15
472,86 Max
2307
38854
346,30
304,23
262,07
219,01
177,75

135,6
93,438 Min

Steps |Time [s] |[7 Pressure [MPa]
4 3.091 -8,5455

Figure 15. Equivalent stress of curved pipeline with defect in external curvature under pressure increment.

The critical pressure for the curved pipeline with defect above the curvature is 11.968 MPa, higher than the pressure
value at which this same pipeline reaches the flow, which was 9.65 MPa. From Figure 14 it can be seen that the critical
region extends in the region of the defect and in the region of the internal curvature, a behavior expected for failure of the
intact pipeline. The pipeline with defect in the external bend has a critical pressure of 8.545 MPa, lower than the pressure
to reach the yield stress for the case of this same pipeline intact.

4. CONCLUSIONS
In general, the influence of the dent defect on pipeline integrity has been observed, since this type of defect induces

stress concentration, especially in curved pipelines, where the equivalent stress indices are higher compared to straight
pipelines, even before the presence of the defect.



M. C. L. Melo, P. R. M. Lyra, J. V. S. Torres, A. D. M. Ferreira and R. B. Willmersdorf
Stress Analysis via Finite Elements in Straight and Curved Pipelines Containing Dent Defects

In the analysis of the operating conditions, the cases of the straight pipeline with the defect caused by the indenter of
smaller size and the curved one with the defect caused inside the curvature reach the failure, reaching the fracture stress
during the displacement of the punch. From this it can be concluded that the size of the indenter has an influence, the
smaller contact area generating higher stresses. In addition, it is observed that the curved duct that presents a greater
susceptibility to failure is the one with defect in the internal curvature, because it is the region that has a higher
concentration of stress.

Still under operating conditions, it could be observed that the curved pipelines with defects that did not reach failure
have maximum stresses very close to those obtained in the straight pipeline with defect caused by an indenter of the same
size, but both defects in curved pipelines have greater permanent deformations.

When considering the critical pressure analysis, it is evident that the curved pipeline supports lower pressures even
in the case of intact pipelines. In relation to the failure pressure for faulty pipelines, in terms of percentage, the curved
pipeline that has a defect in the external curvature resists the internal pressure of 19.5 % less than the straight pipeline
with an equivalent defect.

All the pipelines with defects studied, when subjected to the pressure increase, reach the ultimate stress with a pressure
lower than the pressure required to reach the flow stress of the intact pipelines, with the exception of the curved pipeline
with a defect higher than the curvature, which fails at a pressure close to that expected for the pipeline without defect.

Furthermore, the analysis of element types shows that models using shell elements require a mesh with a smaller
number of elements to ensure convergence, resulting in an economy of computational effort, but it is important to
emphasise the relevance of the analysis as in some cases shell elements cannot be used with confidence.
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