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Abstract: The mechanical behavior of API 5L X52 steel with planar type laminations was
studied in the present work. Planar laminations were proposed in the base metal (BM), heat
affected zone (HAZ) and welding bead (WB). Three-dimensional finite element (FE) models,
kinematic hardening and mechanical properties for BM, HAZ, and WB were activated in the
finite element program. The results showed that crack propagation corresponds to the direction
of the main stress. For a crack length (2a) of 10.01 mm, crack propagation may occur at the
right crack tip towards the outer wall of the BM. For 2a of 15.12 mm, crack propagation was
located on the right crack tip and propagates to the inner wall. For 2a of 17.12 mm, crack
propagation was observed at the left crack tip and propagates to the outer wall in the BM.
The results achieved by FEM agree when compared with real laminations in API 5L pipelines.

Keywords: Planar laminations; API 5L X52 pipeline; Welded section; Finite element; Failure
pressure.

Nomenclature
BM base metal
FE finite element
FEM finite element method
H atomic hydrogen
HAZ heat affected zone
HIC hydrogen induced cracking
Pk internal pressure on the crack
P failure pressure
WB welding bead
s yield stress
s ultimate tensile stress
2a crack length

1. Introduction

Pipelines are the safest and most reliable means of transportation for hydrocarbons.
However, the anticorrosive system (cathodic protection and coating) can present problems
or fail and the pipelines may be in contact with corrosive medium. This fact could motivate
material degradation in any corrosion form, including cracking. The appearance of cracks
makes the pipeline reliability decrease, causing the operational risk to increase [1].

Itis widely recognized that cracking associated with an acidic environment is classified
as hydrogen induced cracking (HIC) and plays an important role in the oil and natural gas
industry [2,3]. Atomic hydrogen (H) can diffuse through steel and penetrate into the metal.
H has various possible sources, such as a high-temperature, moist atmosphere, corrosion
processes and electrolysis [4]. Therefore, it forms on the surface of the steel due to iron
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and H_S corrosion reactions [5]. The H is absorbed on the inner surface of the wall of a steel pipeline and diffuses,
see Figure 1. So, this hydrogen diffuses across the material and combines to form hydrogen molecules. It can be
placed in defects; voids, holes, inclusions, impurities, dislocations or micro-cracks. Since molecular hydrogen cannot
migrate from these defects [6], the pressure of hydrogen gas in the voids increases.

Fe — Fe?* + 2¢
H,S — H™+ HS" H* H* Electrolyte
HS — H"+8*
2H" + 2 — H»

Figure 1. Schematic illustration of the mechanism for the lamination.

The mechanisms of HIC are closely related to the hydrogen diffusive process through metal. The driving force
for the hydrogen diffusion in steel is mainly due to a gradient of hydrogen concentration, a state of non-uniform
stress or a combination of both [7]. HIC is highly influenced by metallurgical parameters such as non-metallic
inclusions, segregation bands of elements (P, Mn), grain boundaries, dislocations, microstructure, hardness,
structural defects, and internal stresses. In addition, chemical parameters related to electrolytic media, such as
H, concentration, pH, solution composition, exposure time, temperature, pressure and stresses applied. On the
other hand, the surface finish has a significant influence on the diffusion process. Depending on the topographical
characteristics of the surface, atomic hydrogen could be favored [8,9].

When the hydrogen molecule is placed in the defect, cracking is produced. HIC is characterized by stepped
lamination or planar lamination. This cracking growth is in the same plane, parallel to the wall of the pipeline [10].
According to lino [11], a stress state in the vicinity of the crack tip is significantly influenced by the hoop external
stress in API 5L pipelines.

There are other sources of hydrogen that can be added to the metal, such as when the steel is in the refining
stage. Hydrogen is incorporated with raw materials (scrap, lime, etc) in the form of water or through moisture in
the air. It is highly harmful, causes cracking and brittleness in the steel, and lowers ductility in cold work. At this
stage, the steel has low levels of H, (g) [12,13]. Also, in pipeline manufacturing processes that require welding. In
this process, the H, can be added in the liquid state.

A lot of researchers have carefully studied the cracking speed [14] or the use of finite element method (FEM)
to evaluate the mechanical behavior of several types of cracking for API 5L pipelines [15-27]. Those works are for
the BM, while other works are focused on the hydrogen diffusion in pipelines [28-30], and HIC [31]. Unfortunately,
at present, there are no work for planar laminations in the BM, HAZ, WB.

This paper attempts to obtain the mechanical resistance of an API 5L X52 pipeline with planar laminations in the
BM, HAZ, WB, with particular focus on the stresses fielded at the crack tips and crack propagation. Three-dimensional
finite element models were applied using the FEM technique. Internal pressure was placed on the crack (P___) to
generate yield stress (o,.), ultimate tension stress (o,,) and failure pressure (P). In addition, tension tests were
conducted to obtain the stress-strain curves for the BM, HAZ and WB. To obtain the stress-strain curve of HAZ, the
Vickers (HV) hardness profile was measured and applied to correlations between stresses and hardness.

2. Materials and Methods
2.1. Mechanical properties for BM, HAZ, WB

A sample specimen for the analysis (BM, HAZ, WB) is depicted in Figure 2. It is noted that this specimen is only
of example, since in this work a pipeline with a wall thickness of 25.4 mm was used. Tension and hardness Vickers
(HV) tests were performed with the purpose of obtaining stress-strain curves for the zones of interest, such as BM,
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HAZ and WB. Standard specimens were machined following the ASTM E8-01 [32]. By doing this, tensile tests were
carried out in a servohydraulic machine. The load was applied at a speed of 1.8 mm/min according to ASTM ES.
Three tension specimens were tested in each zone and the specimens were extracted in the longitudinal direction of
the API 5L X52 with 609.6 mm outer diameter and 25.4 mm wall thickness. Figure 3 show the specimen’s dimension.

HAZ WB

Figure 2. API 5L X52 pipeline, specimen extracted, heat affected zone (HAZ), weld bead (WB), and base metal (BM).
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Figure 3. Specimen dimensions for the tension testing gage length (G), diameter (D), radius of fillet (R), width of
grip section (C), length of reduced section (A), length of grip section (B), over-all length (L).

2.2. Geometrical details

In this section, it was considered the cracking that had developed in the BM and could propagate to the
HAZ and WB without passing this last region (WB) [33]. It is well-known that high hydrogen pressure inside the
crack is the main driving force for crack growth. Crack propagation of HIC in steel pipelines could occur in pipelines
exposed to sulfurous compounds, such as hydrogen sulfite H,S [31]. Based on this, Figure 4 presents a penny-shaped
lamination model proposed for the present analysis.

Figure 4. API 5L X52 pipeline: a) an embedded lamination at the mil-wall thickness, b) 3D FE model for the
representation of planar lamination in the BM, HAZ, WB.

Soldagem & Inspecdo. 2018;23(1):17-31 19
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Variables used in the numerical experimentation are presented in Table 1. The pipeline length (L) for all
conditions were 76.2 mm. It was proposed a crack that could start in the BM and propagate towards the HAZ, WB
in a straigh extension. This initial crack was considered because it reached the form of a parallel crack towards the
surface of the pipeline for a modeling profile during its formation by HIC. It was assumed that cracks produced
by cathodic charging testing grow at a flat spread to approximately 50% of the wall thickness (2/t) [33]. Therefore,
this value was defined to locate the crack in the wall thickness. The crack cut across the HAZ completely and
propagated in the WB stopping halfway through this region [341. Based on this, the largest extension for the crack
length was defined (2a), 100% of the MB (10.01 mm) see Figure 5a), 100% of the HAZ (15.12 mm) see Figure 5b)
and 50% of the WB (17.24 mm) see Figure 5c).

Table 1. Variables used in the numerical experimentation.

crack length, 2a

Conditions P ¢ D/t MB HAZ wB
mm mm mm mm mm
1 609.6 12.7 48 10.01 - --
2 609.6 12.7 48 10.01 15.12 --
3 609.6 12.7 48 10.01 15.12 19.37
4 609.6 9.525 64 10.01 - --
5 609.6 9.525 64 10.01 15.12 --
6 609.6 9.525 64 10.01 15.12 19.37
7 609.6 6.35 96 10.01 - -
8 609.6 6.35 96 10.01 15.12 --
9 609.6 6.35 96 10.01 15.12 19.37

D = diameter of pipeline; t = thickness.

a)

2a 100% HAZ

Figure 5. Planar lamination configurations for conditions using FE based on Table 3,a) 1,4, 7,b) 2,5, 8,andc) 3, 6, 9.

Yan, et al [21] found that hydrogen concentration in the HAZ is very high, and crack propagation could pass the
HAZ completely. Thus, for the configurations considered here, the number of simulations was 9. These experimental
groups used a diameter and thickness of 609.6 mm and 6.35, 9.525 and 12.7 mm, respectively, considering ratios
of D/t = 96, 64, and 48.

2.3. FE models

In Figure 6, typical FE meshing for a pipeline is illustrated. A finite finite element software [35] was used in
this study. Since the main purpose of this paper was to study the mechanical resistance of pipelines with planar
lamination for the model proposed, a high degree of mesh refinement at the crack tips was needed, and large
elements for the rest of the pipeline were used. Alvaro, et al [20] found that the local stress and strain fields are
strongly dependent on the mesh size. In this sense, second order elements (solid 95) and first order elements
(solid 45) [36] were assigned to mesh the crack tips and the rest of the pipeline, respectively, see Figure 7. The angle
of the elements at the crack tips was 18°. Madenci, et al [37] used angles of 15° to mesh the crack tips using finite
program. Chong et al. [19] proposed angles of 15°-22.5° to mesh canoe-shaped cracks. Yi et al. [22] employed angles

20 Soldagem & Inspecdo. 2018;23(1):17-31
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Figure 6. Typical FE meshing for pipeline with planar lamination.
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Figure 7. Isoparametric elements of first order (solid 45) and second order (solid 95).

of 18° to mesh 3D cracking in pipelines. Plastic flow with isotropic hardening was activated in the finite element
program to include non-linear analysis and simulate the material behavior for the BM, HAZ and WB.

Geometry modeling and FE generation were done in the rectangular coordinate system and then transferred
to the cylindrical coordinate system to impose boundary conditions on the pipeline in the circumferential direction
on the edge of the section. In this case, displacement by loads allowed free expansion of the pipeline, similar to
what occurred in the real pipeline case. As illustrated in Figure 8a), axial boundary conditions were applied to
the ends of the pipeline to simulate the continuity of a long pipeline. Pressure was applied to the inner surface
of the crack until the o, of the material was reached, see Figure 8b). When this value was reached, pressure was
applied to the inner surface of the pipeline, until the o, of the material was reached, see Figure 8c). This allowed
the researchers to assess the load through pressure on a pipeline. Then, the pipeline was pressurized to achieve
the o, and to define the operating range of the non-linear regime. The kinematic hardening rule was considered
only to transfer the yield surface, plastically strain the material by increasing the stress until the o, and o of the
material was reached [38]. This formulation was valid for representing a proper model for the real material [39],
which is the situation considered in the present work.

Soldagem & Inspecdo. 2018;23(1):17-31 21
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Figure 8. Typical loading and boundary conditions for the 3D finite element, a) boundary conditions, b) internal
pressure for the crack, and c) internal pressure for the pipeline.

3. Results
3.1. Mechanical properties results

Table 2 summarizes the material properties for the three materials, BM, HAZ and WB. By using a relationship
from this HV data, an equivalent true stress-strain curve in the HAZ was estimated. This data is depicted in Table 3,
which presents the HV data. Hardness Vickers data was converted to stress-strain values by correlations with the
corresponding hardness value obtained from the other two regions (BM and WB) and related to the stress-strain
curves in order to obtain a curve proposed for the HAZ. Figure 9a) presents the engineering stress-strain curves
and Figure 9b) shows the true stress-strain curves proposed.

Table 2. Mechanical properties for BM, HAZ and WB.

Zone E (MPa) o, (MPa) o,.s (MPa) o, (MPa)
BM-1 206,850 359.99 608.37 484.18
BM-2 206,850 380.41 609.27 227.95
BM-3 206,850 391.97 591.02 246.98
HAZ 206,850 363.01 616.20 489.60
WB-1 206,850 383.01 628.26 505.63
WB-2 206,850 385.83 601.15 520.96
WB-3 206,850 367.46 161.85 495.87

E, 6YS, oUTS and of are modulus of elasticity, yield stress, ultimate tensile stress, and final stress, respectively.

22 Soldagem & Inspecdo. 2018;23(1):17-31
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Table 3. Vickers hardness (HV) test results for the BM, HAZ, WB.

BM HAZ wB wB HAZ BM
186.4 189.1 214.6 214.8 188.7 186.9
186.1 189.2 2144 2145 188.9 186.7
186.4 189.0 214.3 214.2 188.8 186.5

7
S
%
Z

—=—BM

1od ——HAZ

—4—WB

.00 0.02 0.04 0.06 008 0I0 0.12 0.I4 0.6
% elongation Strain (mm/mm)

Figure 9. a) Engineering stress-strain curves and b) true stress-plastic curves extracted from API 5L X52 steel. Base
Metal (BM), Heat Affected Zone (HAZ), Welding Bead (WB).

3.2 Pressure obtained by FEM

Table 4 presents the pressures obtained by the FEM. The pressures recorded are: (i) pressure in the crack
(P_..) applied to generate the o
pipeline (P
pressure (P).

v (ii) pressure in the pipeline (P,.) applied to generate the o, (iii) pressure in the

) applied to generate the o, _, and (iv) the pressure in the pipeline applied to generate the failure

uTs’

4. Discussion
4.1. Presure data by FEM

Plots of the pressure obtained by the FEM as a function of 2a were made, see Figure 10. The P, is defined as
the pressure that makes the Von Mises stress in the outer and inner wall of the planar lamination reach or surpass
the o of the material. These conditions indicate the failure of pipelines with planar lamination.

For three ratios (D/t = 48, 64 and 96), it can be observed that the P_.. pressure required in the crack to
generate 0, in the material decreases as the 2a increases, see Figure 10a). This trend was attributed to the fact that
the crack size is greater. The cases of the P, P,
behavior of pressure as the pressure was increased to the 2a. This behavior was attributed to the internal pressure

and P, Figures 10b), c) and d), respectively, show an increased

related to the stress of the material. To reach high stress values, it was necessary to increase the pressure inside
of the pipeline.

Soldagem & Inspecdo. 2018;23(1):17-31 23
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Table 4. Pressures obtained by FEM in MPa.

Pressure in the crack (P__,) to generate yield stress (o).
D/t
2a, mm
48 64 96
10.01 231.51 179.79 117.10
15.12 149.19 113.6 72.18
19.37 103.53 77.14 46.88
Pressure in the pipeline (P ) to generate yield stress (o).
D/t
2a, mm
48 64 96
10.01 8.30 6.20 412
15.12 10.84 743 3.94
19.37 12.42 8.64 5.00
Pressure in the pipeline (P ) to generate ultimate tension stress (o).
D/t
2a, mm
48 64 96
10.01 14.37 11.38 8.22
15.12 15.81 11.68 7.64
19.37 16.69 17.74 7.79
Pressure in the pipeline to generate failure pressure (P,).
D/t
2a, mm
48 64 96
10.01 18.81 14.45 10.35
15.12 20.90 15.84 11.04
19.37 22.00 16.73 11.39

—a— D/t=48
—e— D/t=64
—A— D/t=96

10 11 12 1314 5 16 17 I8 19 2 T0 11 12 13 14 13 16 17 18 19 20
22, (mm) 22, (mm)
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Figure 10. Plots of pressures obtained by FEM, a) P__, b) P, c) P and d)P,.
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High hydrogen pressure inside a crack is the main driving force for crack growth. There are experimental
works to simulate crack propagation in API 5L pipelines. Traidia, et al [31], employed pressure of 100 mbar of
H_,S for crack propagation. He found that the crack growth rate was mainly controlled by the material fracture
toughness, crack location, pH, and wall thickness of the pipelines. Kittel et al. [28] used the partial pressure of
H_S (3 mbar-1000 mbar] with different values of thickness (0.5 mm-10 mm). For simulation works, Servin et al. [16]
used pressures of 46.4-264 MPa for 3D coplanar laminations in BM. He found that increasing the pressure in the
lamination, the maximum stress at the crack tips spread out in a perpendicular direction, which is an indication of
a probable growth in the crack. Morales et al. [17] used pressure values up to 1.72 MPa and the load defects were
pressured until total plastification in the lamination was reached. Gonzalez et al. [18] used pressure variations,
14-124 MPa, in coplanar laminations to achieve the maximum stress of the material (400 MPa) at the crack tips.

Kittel [28] and Traidia [31] reported pressures of H,S from 100 mbar and 3-1000 mbar, respectively, for
API X65 steel. These values should be considered for making comparisons of pressure in laminations. Even though
they cannot be compared at present, since an API 5L X52 is already being employed, it can be observed that the
pressures are low. Pressure data reported by Servin [16], Morales [17] and Gonzalez [18] are high. These pressure
values are used to obtain the maximum stress of the material at the crack tips. As shown in Figure 10a), for
2a0f10.01, 15.12 and 17.24 mm, the pressures are 117.10, 72.1 and 46.88 MPa, respectively. It is noted that the
ratio of D/t = 96 (t = 6.35 mm) is the lower thickness in the present study. As observed, this pressure of H,S is low
compared to the pressure obtained in the present work. It is necessary to mention that the pressures of H,S are
only for the crack propagation

4.2, Analysis of planar laminations by FEM

In the 3D FE model, the crack front fields are increasingly affected by the out of plane stress state based on
the applied pressure levels [20]. The results of the simulations showed similar behavior according to the stress
behavior for all pipelines. Only the analysis for the first condition was described, where a pipeline was considered
with a 609.6 mm diameter, a wall thickness of 12.7 mm, and a D/t = 48, 2a of 10.01 mm in BM. Figure 11a) shows
Von Mises stresses distribution with the P__ of 231.51 MPa. This figure shows that greater stresses are located at
the vicinity of the crack tips. In this case, the outer and inner walls in the middle of the crack presented stresses
higher than o, of the material (376 MPa). These zones and the the tips of the cracks are affected. For three D/t
conditions analyzed where the pressure is constant in the P___, the stresses showed a tendency to be distributed
across the wall thickness. In these zones, it was reaching a stress value of o .. A typical example of ¢ is shown
in Figure 11b). The mode of the main stress at the crack tips corresponds to the field stress of the plastic zone for
mode |, which agree with the model proposed by lkeda [15].

Wall thickness in the radial direction, combined with the effect of the hoop stresses produced by internal
pressure in the pipeline, caused the stresses produced near the crack tips to be distributed across the wall thickness.
To achieve the maximum strength value, the outer walls are plastified, which causes the failure by plastic collapse
to become real. Vigdis [29,30] assumed that failure occurs as soon as the first cohesive element at the crack tips

QOuter wall

b)

Quter wall

Inner wall

_ m—
107. 691 215,376 323.061 430,745 13,569 150, 486 281,404 112,322 543.24
161,533 269.218 376.903 484,588 85.028 215. 945 346. 863 477,761

Figure 11. Typical view of the Von Mises stress for pipeline with planar lamination in BM, a) P__, and b) P
units in MPa.

uTs’
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has reached complete separation in the 3D FE simulations for the pipeline. When the maximum stress has been
reached to separate the first element of the crack tip, crack propagation is carried out toward the areas where the
wall thickness is weakest. As can be seen from Figure 11, maximum stresses are located at the crack tips. It indicates
the stresses interacting at this region, which align with the development of cracking due to the interconnection
of perpendicular cracks [11]. The above situation agrees with the fracture mechanics postulate, the direction of
cracking corresponds to the direction of the main stresses.

Figure 12-14 shows the Von Mises stress causing failure in the pipeline for all conditions in the present work.
It was observed in this figure that, for all work conditions, the stress distribution is higher at the crack tips in the
part of the zone cracking (outer and inner wall), with certain stress variants at the BM and WB.

By using the Von Mises stress for the failure pressures, the failure of pipelines with planar lamination in the
MB, HAZ, WB could be predicted by FE. For example, for 2a of 10.01 mm and ratios of D/t=48, 64 and 96, crack
propagation may occur at the right crack tip towards the outer wall of the BM. For 2a of 15.12 mm and ratios of
D/t =48, 64 and 96, crack propagation is located on the right crack tip and propagates to the inner wall. Finally, for
2a0f 17.12 mm and ratios of D/t=48, 64 and 96, crack propagation is observed at the left crack tip and propagates
to the outer wall in the BM. Everything described above is depicted in Figure 15-17. This behavior was attributed
to the fact that this zone presented a greater amount of material. Indeed, WB presents high strength values in
the stress-strain curve compared with HAZ and BM. Therefore, these high stress values of WB make the crack
propagation occur at the BM. Morales, et al [17] found that the maximum stress is located in the outer wall of the

Figure 12. Von Mises stress for failure pressure in a pipeline with planar laminations with D/t of 48; a) 2a of
10.01 mm, b) 2a of 15.12 mm and c) 2a of 17.12 mm, units in MPa.
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Crack propagatien_=

Figure 15. Direction proposed for the crack propagation in pipelines with planar laminations with D/t of 48; a) 2a of
10.01 mm, b) 2a of 15.12 mm and c) 2a of 17.12 mm.
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Figure 16. Direction proposed for the crack propagation in pipelines with planar laminations with D/t of 64; a) 2a of
10.01 mm, b) 2a of 15.12 mm and c) 2a of 17.12 mm.

Figure 17. Direction proposed for the crack propagation in pipelines with planar laminations with D/t of 96; a) 2a of
10.01 mm, b) 2a of 15.12 mm and c) 2a of 17.12 mm.

lamination, and the failure could be expected here. Consequently, these factors make the crack propagation occur
at either the right or left crack tip and propagate on the outer or inner wall of the BM.

As shown in section 3.1 and the information described above by FE, pressure obtained (given in references
by [28-30]) at the cracks’ tips is too low when compared to the works reported by FE [16-18]. This supposes that the
pipelines with laminations could not fail by the pressure generated by experimental hydrogen diffusion. Those
pipelines fail when the Von Mises stresses reach or surpass the o . in the lamination zone due to internal pressure.
Additionally, the lamination size is large in this study. These two factors make the pipelines unable to support
the internal pressures applied by FE, and the failure is located in the outer and inner wall of the lamination at
the BM. In this context, pipelines with laminations could not fail at the HAZ or WB. This is confirmed, making a
comparison of the results obtained by FEM when it was compared with an image of API 5L pipeline that presents
step-wise cracking. It is noted that crack propagation at the left crack tip is toward the outer wall of the pipeline,
see Figure 18. Although this image is for stepped lamination, and the work is for planar lamination, it confirms
that the crack propagation follows the main stresses towards the top left zone.

28 Soldagem & Inspecdo. 2018;23(1):17-31
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Crak propagation

Figure 18. Crack propagation in pipelines with laminations towards the BM, units in MPa.

The industry-wide standard that is responsible for making assessments in vessel pressure is the AP 579-1/ASME FFS-1
Fitness-for-service, Part 7 — Assessment of hydrogen blisters and hydrogen damage associated with HIC and stress
oriented HIC (SOHIC), Part 9 assessment of crack-like flaws, and Part 13 assessmen of laminations [40]. For Part 7,
the HIC for the three levels of evaluation is taken as a reference. The level 1 assessment procedure provides
screening criteria to evaluate HIC damage, considering the damage from the perspective of local metal loss.
While the level 2 assessment procedure utilizes the methodologies of Part 5 and Part 9 to evaluate the damage
zone as a region of local metal loss and as a crack, respectively. The level 3 assessment of HIC damage may be
performed using FE analysis considering explicit modeling of HIC damaged and non-damaged areas. Limit load
or elastic plastic analysis may be performed. The HIC damaged areas must be modeled as elastic-perfectly plastic
material. All parameters above at the part 7 level 3 are used in the present work. While in part 9 assessment,
levels 1 and 2 are very conservative, and it is neccesary to make assessments for level 3, where advanced stress
analysis techniques are required to define the state of the stress at the location of the flaw because of complicated
geometry and/or loading conditions. Otherwise, numerical analysis techniques such as the FEM could be used to
determine the stress field at the crack location. It is recommended that the crack-like flaw in the component may
be computed using elastic-plastic analysis by FE. Finally, for Part 13 assessment, laminations that originated from
HIC or SOHIC are not considered. This part considers that the laminations are planes of non-fusion in the interior
of a steel plate that are a result of the steel manufacturing process.

5. Conclusions

Cracking by HIC in BM, HAZ or WB is one of the main failure for the pipelines that transport hydrocarbons.
The standard that provides assessment for the failure analysis of cracking and HIC is the APl 579-1/ASME FFS-1
“Fitness-for-service”. This standard shows different assessment levels and it does not consider cracking in the
heat affected zone or WB. It only considered cracking in the base metal. Then, it is important to study by FEM
the mechanical behavior in 3D laminations to determine the crack propagation and the pipe failure pressure.
Crack propagation follows the direction of the main stress. So, failure in a pipeline with planar lamination could
be predicted by finite element modeling. For a size (2a) of 10.01 mm and ratios of D/t = 48, 64 and 96, crack
propagation may occur at the right crack tip towards the outer wall of the BM. For size (2a) of 15.12 mm and
ratios of D/t = 48, 64 and 96, crack propagation is located on the right crack tip and propagates towards the inner
wall and the stress concentration zone. Finally, for size (2a) of 17.12 mm and ratios of D/t = 48, 64 and 96, crack
propagation is observed at the left crack tip and propagates to the outer wall in the BM.

Pipelines with planar laminations fail because Von Mises stresses reach or exceed the ¢ in the lamination
zone due to internal pressure and critical lamination size. Pipelines cannot support the internal pressure, and the
failure is expected at the outer wall because of coplanar laminations for BM. Failure in pipelines with coplanar
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laminations could only be presented in the BM zone. However, for the HAZ and WB, failure is not expected.
The results obtained by FEM agree with real laminations in API 5L pipelines where the crack propagation is at the
left crack tip and propagates towards the outer wall.
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