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Abstract:

Pipe elbows (bends) are considered critical pressurized components in the piping systems and
pipelines due to their stress intensification and the effect of bend curvature. They are prone and
hence more exposed to different corrosion failure modes than straight pipes. Late detection of
such elbow damages can lead to different dangerous and emergency situations which cause
environmental disasters, pollution, substantial consumer losses and a serious threat to human life.
A comprehensive safety and reliability assessment of pipe elbows, including usage of prediction
models, can provide significant increases in the service life of pipelines. It is well known that the
limit pressure is an important parameter to assess the piping integrity. In this paper, the integrity
assessment of damaged pipeline elbows made of API 5L X52 steel was done within the
framework of numerical modeling using the finite element method (FEM) and finite element
analysis (FEA). The evaluation of numerically FEM modeled limit pressure in the corroded
elbow containing a rectangular parallelepiped-shaped corrosion defect with rounded corners at
the intrados section was done and compared to different codes for calculating limit pressure.
Moreover, the area with the corrosion defects with different relative defect depth to wall
thickness ratios was FEM modeled at the intrados section of the pipe elbow where the highest
hoop stress exists. The results showed that the codes for straight pipes could not be applied for
the pipe elbows due to the significantly higher error in the obtained limit pressure value compared
with numerically FEM obtained results. However, the results for modified codes, adapted for the
pipe elbow case using the Goodall formula for calculation of the hoop stress in pipe elbows with
defects are pretty consistent with the numerical FEA results. The notch failure assessment
diagram (NFAD) was also used for the straight pipe and pipe bends with different corrosion
defect depth ratios, while the obtained critical defect depth ratios further highlighted the

criticality of pipe elbows as an essential pipeline component.
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1. Introduction

In the hydrocarbons processing industry, pipelines are essential components to transport
energy in the safest way in large volumes over large distances. Consequently, the structural
integrity, high reliability, and effective maintenance of pipelines take the highest importance
due to the critical role of pipelines in global economic and environmental safety. In recent
decades, the use of crude oil and natural gas has increased faster which leads to the need for
modifications, implementation of improved maintenance strategies, and extension of existing
pipeline systems. This complicated network of pipelines includes the necessity for usage of
numerous and various pipe elbows (bends) and junctions for distribution, transportation, and
change of the fluid direction. The pipe elbows are prone to the various damage mechanisms
on both internal and external surfaces due to the exposure to fluids and external environments
such as corrosion, erosion, erosion-corrosion fatigue, and different other combined damages
[1-14]. Frequently this leads to the burst in critical parts of piping systems, forced outages,
and long term interruptions in operation. The corrosion of pipe elbows in natural gas
pipelines and various other industrial systems such as hydrocarbons industries and

desalination plants [15-19] was extensively examined and reported.

Extensive studies have been conducted related to the reliability and structural integrity
prediction, prevention of corrosion damages, and repair of corroded steel pipelines and pipe
elbows [20-37]. Different experimental approaches and tests, numerical analyses, and
analytical methods were used. Knowledge of limit pressure (P.) is an important issue in the
field of pipeline design, integrity assessment, and maintenance management to achieve
prolonged and reliable operation of pipelines [38,39]. Generally, failure pressure appears
when the internal pipeline pressure exceeds the limit pressure value [40,41]. NG-18 equation
was the first original formula and the semi-empirical failure criteria developed by Maxey et
al. [42] to calculate the residual strength of corroded straight pipes with cracks and defects.
However, there are various models, standards, codes, and plastic collapse failure criteria
based on NG-18 equations [42] such as ASME B31G [43], modified ASME B31G [44],
DNV-RP-F101 [45], Shell-92 [46], RSTRENG [47], and PCORRC [48] which were
developed to calculate the limit pressure according to the flow stress in the straight pipe.
However, these standards and codes for the fitness-for-purpose assessment of corroded
pipelines could not be applied to pipe elbows due to the effect of the elbow curvature that

leads to the increase of hoop stress [49].



Some researchers [23,32,33,50] have proposed new formulas to calculate the limit
pressure for a pipe elbow with the defects. Goodall [51] has proposed the first formula to
calculate the circumferential stress in pipe elbows with defects. This formula is presented
later in section 2. Various authors have performed their analysis on the plastic limit pressure
of elbows and proposed different models based on the Goodall formula [32,49]. Duan and
Shen [32] have proposed an empirical model for the calculation of the limit load in pipe
elbows at the extrados location and also validated by experiments. Yahiaoui et al. [50] have
studied the elbows with a short radius and cracks by using FEM. Kim et al. [52] have
examined the integrity of a pipe elbow in the presence of defects at the intrados and extrados
sections under internal pressure and plane-bending load. They have concluded that the
intrados section 1s more endangered and vulnerable than the extrados section according to
their experiments and obtained results. Lee et al. [33] have studied erosion-corrosion
provoked defects in different positions of the pipe elbow using mathematical formulas and
numerical analysis. They proposed a new method to calculate burst pressure using industrial
codes and the Lorenz factor [33]. Xie et al. [23] have proposed a new formula by introducing
curvature and wall thickness factors to calculate hoop stress in the thick-walled elbow, which
was additionally verified and supported using the FEM. Tee and Wordu [53] have found that
the geometrical parameters of the corrosion defect (length and depth) have a significant
influence on the failure pressure. Besides, the shape of the gouge has more impact than the

shape of a corrosion pit.

The fracture mechanics is considered as important during the evaluation of the structural
integrity of piping systems. Based on the theory of linear elastic fracture mechanics (LEFM),
failure occurs when the value of the stress intensity factor (K;) is higher than the critical value

of plane strain fracture toughness for mode I crack displacement (K;c), 1.e., (K; > Kjc) [54].

The localized (pitting) corrosion generally considered as a notch in the piping system. The
notch has a strong influence on the failure or burst and the Notch Stress Intensity Factor
(NSIF) is used as a prediction for the fracture concept [55-57]. Depending on the notch term,
the failure occurs when the stress distribution exceeds the critical value at the notch tip (K. >
K.c). The critical NSIF could be called fracture toughness (K.¢) in notch tips. Furthermore,
the constraint has a significant effect on the fracture toughness value [58,59]. The volumetric
method 1s used in order to calculate NSIF. It is considered a semi-local method for numerical

analysis [60-62].



The Notch Failure Assessment Diagram (NFAD) is frequently used to study the safety and
for the fracture assessment of pipelines or elbows with different types of defects [39,41,63-
76]. It depends on the fracture toughness (K.c), defect size, i.e., defect depth ratio (d/7), and
the internal loading - pressure (P) [69]. The NFAD methodology substituted these three
parameters with only two non-dimensional parameters K, and Z,, which present the applied
stress and the crack driving force, respectively, and by introducing the corresponding
assessment point coordinates (L, K;) on the FAD and NFAD [69]. Numerous previous
studies have shown that elbows are more vulnerable than straight pipes due to the more
severe stress conditions of elbows with a defect, while assessment points for elbows are
typically shifted in comparison with straight pipes and located in the brittle fracture domain
of the FAD or NFAD (see subsection 3.3.) [17,52,63-65].

In our previous study [12], the critical position along a pipe elbow made of API 5L X52
steel, according to the effects of the critical stress location, critical crack orientation angle,
and critical elbow angle on SIF, was investigated with the aid of a modified FAD [12]. The
critical position along the elbow with the maximum stress was located at a curvature angle
o=T72°. Also, a semi-elliptical crack was created at this location, at the critical intrados
section of pipe elbow [52], taken into account the importance of equivalent stress intensity
factor (K.;) as a failure criterion to determine the critical semi-elliptical crack angle
orientation. The crack orientation angle of 90° was found to be critical for a pipe elbow [12].
It was also observed that due to stress intensification and higher constraint in pipe elbows, the
corresponding assessment point for the same relative defect size located at the intrados

section of pipe elbow has a higher value of both coordinates (Z,, K;) then for the straight pipe.

In this work, the rectangular parallelepiped-shaped corrosion defects with rounded corners
without crack and with different relative defect depth to wall thickness ratios (d/f= 0.1 - 0.8,
see Fig. 1c) at the middle of the critical [52] intrados section of a pipe elbow (API 5L X52
steel) were created to examine the effects of corrosion defects on the integrity assessment of
pipe elbows. The limit pressure prediction for a pipe elbow containing corrosion defects at
the intrados section is investigated using FEA. For limit pressure calculation in the pipe
elbow with different defect depth ratios and to check the applicability of modified codes, the
Goodall formula [52] for calculation of the hoop stress (#.) in pipe elbow was used in various
codes. The obtained results were further compared with the numerical FEA results, and
consequently, the applicability of different modified codes (adapted for the pipe elbow case)

for the calculation of the limit pressure in the pipe elbow was also checked. The notch failure
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assessment diagram (NFAD) is used for the straight pipe and pipe bends for the safety factor
calculation and to evaluate the critical detect depth ratios. Finally, the obtained results of the
structural integrity assessment for pipe elbows with different relative corrosion defect depth
ratios presented in this study are compared with our previously published results [12] for a

pipe elbow with different semi-elliptical relative crack depth ratios.

2. Limit pressure standards and pipe elbow hoop stress

In the literature, several codes have been successfully used as failure criteria for the
reliability assessment of corroded pipelines [43-48.75]. Cosham et al. [75] have pointed out
that the applicability of a particular code strongly depends on the toughness value of different
pipeline steels. The older models, like ASME B31G [43], modified ASME B31G [44], and
the remaining strength formula - RSTRENG [47], were developed and validated through tests
on older pipeline steels with relatively lower toughness. On the other hand, the new models,
like DNV-RP-F101 [45], and PCORRC [48], are mostly based on equations following both
numerical - finite element analyses (FEA) and experimental data. These "new" models were
developed and validated for high toughness pipeline steels, and hence suitable and applicable
mostly for these modern steels [75]. Also, Cosham et al. [75] emphasized that some of the
methods for assessing corrosion based on the NG-18 equations [42], particularly older ASME
B31G [43] and modified B31G [44], are rather conservative in the case of blunt, part-wall
defects.

Various codes and standards for the straight pipe have a detailed form and style for their
formulas and applied deterministic approaches, Table 1. The main stresses (stress
components) for the straight pipe subjected to internal pressure are expressed by the

following equations [77]:

Pr Pr
c-:_ . . :_:0_50' . .r.o 1
t ) W
where, ., ¢, *., P, r, and 7 are hoop stress, longitudinal stress, radial stress, internal
pressure, average radius and wall thickness of pipeline, respectively. According to the
deterministic assessment models, both older and contemporary models mentioned above, the
internal pressure (P) must be less than the limit pressure (Pr): (P < Pr) to prevent the pipe

burst, Table 1. For corroded pipes made of old steels with lower toughness, limit pressure can

be calculated using one of the standard but older models (ASME B31G, Modified ASME



B31G, and RSTRENG). For the modern steels with higher toughness, limit pressure can be
calculated using one of the contemporary models (DNV RP-F101 and PCORRC) [78,79].

Table 1 Codes for calculating limit pressure Py of the straight pipe.

The parameters presented in Table 1: Pz, D, d, t, M, ¢y, *,, and L are the limit pressure,
pipe outer diameter, crack depth, wall thickness, Folias factor, yield strength, ultimate tensile
strength, and longitudinal corrosion defect length, respectively. Hoop stress is the dominant
stress for pipelines subjected to internal pressure, and the parameters d and L are important
input parameters for the limit pressure - Py based models. The main difference between codes
presented in Table 1 1is the definition of the flow stress ¢, (based on ¢, or °,;) and the defect
shape [75]. ASME B31G [43] code is used for the parabolic shape corrosion defects, while
the maximum hoop stress cannot exceed the yield strength of the material . < ¢,. The
modified ASME B31G [44] model is used for the idealized, rectangular in shape corrosion
defects while the total defect depth should not exceed 80 % of the wall thickness [33]. Shell-
92 [46], PCORRC [47], and DNV RP-F101 [45] models are also used for the rectangular
shape defects and they are applicable in the case of blunt defects in tough materials [78,79].

The hoop stress in the pipelines subjected to internal pressure is different from that of the
pipe elbow. It occurs in a circumferential direction. On the contrary, the longitudinal stress is
the same for both straight pipe and pipe elbow, hence the presence of curvature of the elbow
does not influence the longitudinal stress [80]. The hoop stress at the extrados section of the
pipe elbow is the lowest, while the intrados section is the zone of the highest hoop stress [80].
The increase of bend radius causes an increase in the hoop stress at the extrados section,
while at the mtrados section the hoop stress i1s diminishing [25]. The different hoop stress
equations were proposed in the literature for a pressurized pipe elbow and presented by

Goodall [51] - Eq. (2), Lietal. [25] - Eq. (3), and Xie et al. [23] - Eq. (4), respectively:

_Pr_1:r/2R
t l* »/R 2
_Pr 2R+rsme
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where, P, r, t, R, D, C;, Cg, and (r, *) are the internal pressure, mean radius, wall thickness,
bend radius, outer diameter, wall thickness factor, curvature factor of pipe elbow, and
coordinates of calculated points, respectively. Equation (4), proposed by Xie et al. [23] also
included two additional correction factors, 1.e., the wall thickness factor C; and curvature
factor Cg. Miller [81] pointed out the conservatism related to the Goodall formula (Eq. (2)),

predominantly due to the absence of experimental validation.
3. Results and discussions

This research represents a continuation and further advancement regarding our previous
studies and conclusions about the integrity assessment of damaged pipeline elbows. In our
previous research [16], the comprehensive case study of corroded pipe elbows due to the
fluid-solid interaction under the complex operating conditions and the presence of silicone
particles was done. In recent work, the numerical FEA study of semi-elliptical cracks in the
critical position at the intrados section of the pipe elbow was conducted [12]. The
applicability of different codes for calculations of the limit pressure in the corroded straight
pipes in the presence of various fluid flow conditions (pure natural gas and natural gas-
hydrogen mix transport) were also examined and compared with the FEA results

[41,66,67,70,76].

This study is carried out by using a finite element analysis (FEA) to simulate a pipe elbow
with the rectangular parallelepiped-shaped corrosion defects with rounded corners and with
different relative defect depth to wall thickness ratios (d/= 0.1 - 0.8, see Fig. 1c) at the
critical intrados section of the pipe elbow. The numerical FEA results were also compared
with results obtained by codes to modify the limit pressure equations of codes (ASME B31G,
modified ASME B31G, and DNV RP-F101), presented in Table 1. The modification includes
the implementation of the Goodall formula (Eq. (2)) for the hoop stress ¢. in the pipe elbow
during the calculation of the limit pressure Py according to three codes originally developed

for the straight pipe.

For this reason, all results and discussions are presented in three subsections. First, in
subsection 3.1, the hoop stress at the intrados location of the pipe elbow without defect was
examined and calculated using the equations suggested in the literature for the straight pipe
(Eq. (1)) and Goodall formula for the pipe elbow (Eq. (2)). Also, these results are compared
with the results for the distribution of hoop stress on the intrados (* = 0°) sections of the pipe

elbow obtained by numerical FEA. In the next subsection 3.2, the results of the limit pressure
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calculation for different corrosion defect depth ratios using three modified codes (ASME
B31G, modified ASME B31G, and DNV RP-F101), and the Goodall formula [51] for
calculation of the hoop stress (¢.)in the pipe elbow, is presented and compared with
numerical FEA results. Also, the NFAD for the straight pipe and pipe bends with corrosion
defects for the safety factor calculation is presented and further analyzed in the final

subsection 3.3.

3.1. Hoop stress at intrados section of the pipe elbow without defect, models and FEA results

The numerical study was conducted using the FEA software ANSYS [82]. A pipe elbow
made of API X52 pipeline steel was used in this work and its dimensions are shown in Fig. 1.

Table 2 presents the mechanical properties of the pipe elbow made of API 5L X52 steel.

Fig. 1. API X52 pipeline elbow: (a) manifold separation system; (b) corroded pipe

elbow: (c) pipe elbow dimensions.

Figs. 1a and 1b show the intake manifold elbows connected with the horizontal three-
phase separators. The geometrical characteristics of the pipe elbow are the internal radius
r=285.75 mm, wall thickness /= 12.7 mm, the length Z= 1000 mm, and the bending radius
R=798.45 mm, Figs. 1b and Ic.

Table 2 Mechanical properties of API 5L X52 pipeline steel.

A pipe elbow is subjected to the internal - service pressure Ps~= 7 MPa. The FEM results
are shown in Fig. 2. Fig. 2a shows the 90° pipe elbow geometry. Fig. 2b shows the mesh
constructed with a 16-node quadrilateral element available in ANSYS software. Fig. 2¢c
illustrates the hoop stress distribution along the pipe elbow. Fig. 3a presents the distribution
of hoop stresses at different angles along the pipe elbow, as illustrated in Fig. 3b.

Fig. 2. Pipe elbow without corrosion defects subjected to the internal - service pressure

P~ 7 MPa, geometry, meshing, and hoop stress distribution.

Fig. 3. Pipe elbow without corrosion defects: (a) distribution of the hoop stress; (b) different
paths angles along the pipe elbow.

It 1s clear that the maximal value of hoop stress is located at the intrados section of the
pipe elbow, as shown in Figs. 2 and 3. Figs. 3a and 3b present the distribution of hoop stress

at the intrados (* = 0°), extrados (* = 180°) and crown (* = 90°) sections of the pipe elbow.



Moreover, results confirm the critical influence of the intrados section of the pipe elbow
based on the obtained high hoop stress value that equals .= 212.4 MPa. The value of hoop
stress decreases at the crown section of the pipe elbow, and it is close to the value for the

straight pipe (*. = 164.5 MPa).

Table 3 Hoop stress . at the intrados section of the pipe elbow without corrosion defects.

Table 3 shows the maximal hoop stress values obtained by the numerical FEA model
together with values obtained using the Goodall formula (Eq. (2)), and the formula for the
straight pipe (Eq. (1)). It is clear that the hoop stress value obtained using the Goodall
formula - Eq. (2) (¢.=201.39 MPa) is close to the value obtained by the numerical FEA
model, Fig. 3 (».=212.69 MPa), with the small error of 5.32 %, Table 3. The error is
calculated using the following formula: error (%) = (*. 2y - *- ®q.1, 2) | - @Fry X 100 %,
where °. zzy), and °. @z, 1, 2 are the hoop stress values obtained by FEM model, equation (1),
and Eq. (2), respectively. On the other hand, a much higher error (25.94 %) 1s obtained using
the straight pipe formula (Eq. (1)) for calculation of the hoop stress (¢ .=157.50 MPa), Table
3. Such a large discrepancy between hoop stress values at the intrados section of the pipe
elbow, obtained by both FEA and the Goodall formula, and the value obtained using the
formula for the straight pipes indicate the high criticality of this section of pipe elbows. A
good agreement between the hoop stress value obtained using the Goodall formula [51] for
calculation of the hoop stress (¢.) in a pipe elbow, and the value obtained by numerical FEA
model (see Table 3, error = 5.32 %), provides a solid background for checking the limit
pressure calculations results using three modified codes. Also, the obtained numerical FEA
value for the hoop stress (*. #zrgy= 212.69 MPa) as well as the error in comparison with the
Goodall formula [51] results (5.32 %) are in close agreement with the maximum error of 6.58
% reported by Duan and Shen [32]. Once again, the hoop stress value obtained by the
Goodall formula is somewhat higher than that obtained by the numerical FEA. The
comparison of results obtained using modified codes and the FEA results 1is the topic of the

next subsection 3.2.

3.2. The limit pressure calculation using modified codes and FEA results

In this subsection, the corroded pipe elbow assessment is studied to prevent their burst and
the results of the limit pressure calculation using modified codes are compared with the FEA

results. Previous research indicates that there 1s a serious need to determine a perfect formula



to calculate a limit pressure at the intrados section of the pipe elbow [23.25,32,33,50-52].
Therefore, the limit pressure of the corroded pipe elbow is analyzed using FEA and ANSYS
software, as shown in Figs. 4 and 5. The rectangular parallelepiped-shaped corrosion defect
with rounded corners i1s simulated at the intrados section of the pipe elbow. The pipe elbow
with a length (Z= 174 mm), width (W= 208 mm), and with different geometrical relative
corrosion defect depth to wall thickness ratios (d/t= 0.1 - 0.8, see Fig. 1c) is mvestigated,
Fig.4. The corrosion defects with different d/f depth ratios were modeled at the intrados
section of the 90° pipe elbow, Figs. 4a and 4b. The hoop stress distribution for d/t= 0.5 is

shown in Fig. 4c.

Fig. 4. Pipe elbow with the rectangular parallelepiped-shaped corrosion defect with rounded
corners at the intrados section subjected to the internal - service pressure P;—= 7 MPa: pipe
elbow and the geometry of rectangular parallelepiped-shaped corrosion defect with rounded

corners, meshing, and hoop stress distribution (d/z= 0.5).

In conducted FEA, for each defect depth (d/== 0.1 - 0.8, see Fig. 1c¢), the applied pressure
1s increased with an increment of 1 MPa, from 1 MPa to the maximal 16 MPa. The hoop
stress that is equal to the yield or ultimate strength can be considered as a limit pressure, as
indicated in Fig. 5a. The effects of defect depth ratios (d/~= 0.1 - 0.8) on the hoop stress were
analyzed at different internal pressures. Below the yield strength value (o,= 410 MPa), a
typical linear increase of the hoop stress can be observed, Fig 5a [76]. Due to the entering
into the plastic regime, above o, while approaching the ultimate strength value
(*u= 520 MPa), nonlinearity in the hoop stress increase was observed, Fig Sa. Fig. 5b
illustrates the numerical FEA obtained limit pressures based on the yield o, and ultimate
strength ¢, values for API 5L X52 steel with different defect depth ratios (d//= 0.1 - 0.8, see
Fig. 1c¢) at the intrados section of the pipe elbow.

Fig. 5. Numerical analysis of elbow defects with different depth ratios d/ at the intrados
section: (a) hoop stress versus internal pressure; (b) limit pressure P; according to the yield

and ultimate strength.

As previously discussed, the limit pressure determines the pipe burst. It depends on two
main mechanical properties (1) yield strength o, and (11) ultimate strength ¢, As indicated in
Figs. 5a and 5b, the limit pressure for the pipe elbow made of API 5L X52 steel with defect
depth ratio d/= 0.1 is almost 16 MPa based on the ultimate strength and 12 MPa based on the

10



yield strength. While the limit pressure for defected pipe elbow with defect depth ratio
d/t=0.8 is much lower, approximately 8 MPa based on the ultimate strength and only
4.5 MPa based on the yield strength. The reduction of the internal - service pressure
P="7 MPa (Fig. 5b) in the pipe elbow is necessary when a critical defect depth reaches
d/t=0.65, based on the yield strength [;=410 MPa for API 5L X52 steel. In this study of pipe
elbows, the presented numerical FEA results (Figs. 5b and 6) indicate that the use of yield
strength as a limit value for the limit pressure determination does not represent a conservative
solution as it was in the case of straight pipe made of the same steel [76]. It is also important
to note that in our previous study [66,76] the oval-shaped corrosion defects were introduced
with the same defect depth ratios range (d/f= 0.1 - 0.8), while in this study more stress
intensive rectangular parallelepiped-shaped corrosion defects with rounded corners are
investigated. Nevertheless, during comparison of the suitability for application of the ultimate
strength or yield strength as a limit value for the limit pressure determination and the
conservatism estimation, it is necessary to take into account other important factors. These
factors are (i) the pipeline component: straight pipe or a pipe elbow, (ii) the type of the
defect: cracks (the stress intensity factor - SIF) or corrosion defects without the crack, (iii)
geometrical characteristics of the corrosion defect (the degree of stress intensification), and

(iv) the relative defect depth to wall thickness ratio d/¢ [12,16,38,39,41,66,69,72,76].

Finally, it is important to reduce the internal pressure when the defect size is increasing to
maintain the reliable operation of pipelines. It is always advisable to make a comparison
between the deterministic and probabilistic approaches because of the confirmed trend of a
decrease in the reliability index with an increase of the defect depth to wall thickness ratio
[76]. It is clear based on the presented results that pipe elbows represent critical components

and hence endangered mostly the reliability of pipelines.

The comparison between the numerical FEA results for the limit pressure, and results
obtained using three modified codes (ASME B31G, modified ASME B31G, and DNV RP-
F101) for different corrosion defect depth ratios are presented in Fig. 6. The decrease of the
limit pressure in API 5L X52 made steel pipeline is compared for the straight pipe case, using
three standard codes, and for the pipe elbow case, using both modified codes together with
the Goodall formula for calculation of the hoop stress in the pipe elbow and FEA results. The
numerical FEA results for the limit pressure based on both yield strength and ultimate
strength are presented in Fig. 6. The rectangular parallelepiped-shaped corrosion defects with

rounded corners and with different corrosion defect depth ratios (d/f= 0.1 - 0.8) are located at
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the straight pipe, and at the intrados section of the pipe elbow (Fig. 4), respectively. As
expected, the limit pressure values in the straight pipe, obtained using all three codes, are
significantly higher than for the pipe elbow. This indicates that the application of unmodified
- original codes developed for the straight pipe in the case of the pipe elbow is not advisable

and justified because of the significant overestimation of the allowable limit pressure.

Contrary, the results for the modified codes that take into account the pipe elbow geometry
by using the Goodall formula for calculation of the hoop stress in the pipe elbow are found to
be in close agreement with the numerical FEA results. When the ultimate strength is used to
determine the limit pressure in the numerical FEA (Pr  urr4), @ much better agreement with
results for all three modified standards are confirmed, Table 4. The maximal error within the
range 10.56 % (d/t=0.1) - 17.93 % (d/t= 0.8), (error (%)= (Pr 8316) - PL * uiterr) | PL * uitrEs)
x 100 %) is obtained using ASME B31G code for all defect depth ratios, Table 4. For defect
depth ratios d/t below 0.5 (d/t < 0.5), the ASME B31G code calculation results are
conservative (error: 1.40 % (d/r=0.5) up to 10.56 % (d/r= 0.1)), and the gap between the FEA
and ASME B31G results is diminishing while approaching the defect depth ratio of 0.5. At
defect depth ratios higher than 0.5 (d/f > 0.5), the ASME B31G results for the limit pressure
are higher than those obtained by the FEA (error: 4.39 % (d/t= 0.6) - 17.93 % (d/t=0.8)), and
the gap (error) becomes higher with further defect depth ratio increase up to d/~= 0.8, Table 4.
A similar conservative trend when using the ASME B31G code was also observed by Lee et
al. [33] and Amandi et al. [83]. The results for the limit pressure (P apod B316) and Pr onw)
obtained using other two modified standards (modified ASME B31G, and DNV RP-F101)
are less conservative, higher than those obtained by the FEA, and in better agreements with
the numerical FEA results based on the ultimate strength (Pr *urrry), see Fig. 6 and Table 4.
The curvature of the FEA results and for both ASME B31G and DNV RP-F101 codes follow
a similar trend. The results for both modified standards are slightly less conservative than
FEA results and similarly for all defect depth ratios. A similar trend of the burst pressures
values of the damaged pipe elbows obtained using ASME B31G and DNV RP-F101 codes
was also observed by Lee et al. [33], albeit their study indicates that both models have shown

more conservatism than the FEA.

The results obtained in this study using the modified ASME B31G standard (Pr asod. B316))
are closest to the numerical FEA results (Pr *.urry) for all defect depth ratios, Fig. 6. The
error 1s relatively small for all depth ratios and within the range 2.49 - 10.27 %, Table 4. On

the other hand, the numerical FEA results for the limit pressure in the pipe elbow using the
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yield strength (P, *yrgy) for different defect depth ratios are consistently much more
conservative, Fig. 6. These numerical model results obtained using the Goodall formula for
calculation of the hoop stress in the pipe elbow are in good agreement with results reported
by Duan and Shen [32] for the case when the maximum strain is located in the inner wall at

the intrados of the pipe elbow.

Fig. 6. Comparison between the limit pressure values in the straight pipe (API SL X52) and
the pipe elbow (at the intrados section) for different depth ratios (d/7= 0.1 - 0.8) of the
rectangular parallelepiped-shaped corrosion defects with rounded corners, obtained numerically

by FEA, and analytically using standard (straight pipe) and modified (pipe elbow) codes.

Table 4 The difference in the limit pressure P; values for the pipe elbow based on the
ultimate strength (P *,#x4) obtained by FEA, and by modified codes (B31G, modified
B31G, and DNV RP-F101) using the Goodall formula for calculation of the hoop stress in the
pipe elbow.

3.3. The notch failure assessment diagram (NFAD) for the straight pipe and pipe bends with

corrosion defects

In this final subsection, the notch failure assessment diagram (NFAD) for the straight pipe
and pipe bends with corrosion defects is presented and analyzed. The assessment point in
NFAD is defined with two non-dimensional parameters - coordinates (Z,, K,), where L, 1s
applied stress (load), and KX 1s a driving force. As mentioned in the introduction section, these
two parameters - coordinates in the NFAD substitute three influencing parameters, the
fracture toughness (K.c), defect depth ratio (d/#), and the internal pressure (P). In this study,
the NFAD was modified using the pipe elbow hoop stress ¢. in the equation for calculation
of a non-dimensional load L, according to the following equation Z,= ¢. /., where ¢. and
». are the hoop stress (maximum circumferential stress), and flow stress, respectively [12].
The flow stress . is expressed by the following equation .= (¢, +<,;) /2, where ¢, and *
are the yield strength and ultimate strength, respectively [12,84]. The values of ¢, and ¢, for
API 5L X52 steel used in this study are shown in Table 2. Also, for the calculation of a non-
dimensional crack driving force K, in the pipe elbow, a maximum equivalent notch stress

intensity factor (K.,,) is used and computed because of the elbow curvature which provoked
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the more complex mixed mode of loading (Kj., Ky., and K., K..= f (K., Kp., and Kp.))
according to the following equation K,= K.,/ K. [12]. Calculated fracture toughness values
for the pipe elbow (K.c= 95 MPa.m"*’) and straight pipe (K.c= 116.6 MPa.m’”) made of the
same material (API 5L X52 steel), and with the same dimensions and geometry, are taken
from our previous study (see Table 2) [12]. Also, the fracture toughness value for the pipe
elbow is less than for the straight pipe due to a higher constraint [12]. The NFAD is based on
the interpolation curve K,= f (Z,) and it is typically presented in polar coordinates (», * ) [84].
A schematic representation of a typical NFAD with two characteristic polar angle values (*;
and ;) that defined three typical domains (¢ > ¢; - brittle fracture, ;> ¢ > ¢, - elasto-plastic
fracture, and ¢ < », - plastic collapse) is shown in Fig. 7. Failure happens if the assessment
point (L,, K,) is above the interpolation - failure curve K,= f (Z,) [84]. More details about
polar angles definition, three typical domains, and the application of the NFAD are presented
in numerous previously published works [12,39,41,64-75,84,86].

Figure 8 shows the NFAD for the straight pipe and pipe elbow with different depth ratios
(d/t= 0.1 - 0.8) of the rectangular parallelepiped-shaped corrosion defects with rounded corners
at the infrados section. Evolutions of the function point coordinates, which define the
assessment point on the NFAD, indicate that the pipe elbow is a more endangered component
of the pipeline. For all corrosion defect depth ratios, the assessment points for the pipe elbow
have a higher value of both coordinates (Z,, K;) than for the straight pipe due to the stress
amplification and higher constraint in pipe elbows. Particularly, the non-dimensional applied
crack driving force K coordinates for all corrosion defect depth ratios are higher for the pipe
elbows. The difference between the K, coordmnate for the pipe elbow and straight pipe
increases significantly with an increase of the corrosion defect depth ratio d/f from 0.1 to 0.8.
Therefore, only at the lowest corrosion defect depth ratio (d/= 0.1), the pipe elbow
assessment point is in the elasto-plastic failure domain of the NFAD. A further significant
rise of the K, coordinates at somewhat higher d/f ratios (0.1 < d/t < 0.38), provokes conditions
for the pipe elbow assessment points to be shifted into the brittle zone of the NFAD, but still
within the safety zone. The loading path increases in a more non-linearly way with the rise of
crack depth ratio d/t (0.38 < d/t < 0.8) at the intrados section of the pipe elbow. Also, for the
corrosion depth ratios higher than the critical (d/#> 0.38), all assessment points are located in
the failure zone of the NFAD, Fig. 8. The obtained critical depth ratio (d/+= 0.38) of the

rectangular parallelepiped-shaped corrosion defect with rounded corners for the pipe elbow is
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somewhat higher than the critical semi-elliptical relative crack depth ratio (d/t= 0.28) in the

pipe elbow obtained in our previous study [12].

The loading path increases in a more linear way for the straight pipe with different
corrosion defect depth ratio. More linear behavior is mainly the consequence of the lower
increments of the corresponding K, coordinates for the straight pipe with the increase of d/t.
The obtained critical depth ratio (d/t= 0.69) of the rectangular parallelepiped-shaped corrosion
defect with rounded corners for the straight pipe is significantly higher than for the pipe elbow
(d/t= 0.38). Moreover, all assessment points for the straight pipe with corrosion defect depth
ratios below the critical (0.1 < d/t [10.69) are located in the least dangerous plastic collapse
fracture domain of the NFAD, as shown in Fig. 8. The obtained critical depth ratio (d/t= 0.69)
of the rectangular parallelepiped-shaped corrosion defect with rounded corners for the straight
pipe, Fig. 8, is slightly higher than for the critical semi-elliptical relative crack depth ratio
(d/t= 0.66) in the straight pipe obtained in our previous study [12]. Also, for the crack depth
ratios lower than the critical (0.1 < d/t [10.66), investigated in our previous study [12], all
assessment points were located in the more dangerous elasto-plastic fracture domain of the
NFAD. Contrary, in this study of the rectangular parallelepiped-shaped corrosion defects with
rounded corners in the straight pipe, for all defect depth ratios lower than the critical (0.1 < d/¢
110.69), the assessment points are located in the less dangerous plastic collapse fracture

domain of the NFAD, as shown in Fig. 8.

It can be concluded that due to more pronounced stress intensification provoked by the
semi-elliptical cracks with different relative depth rations [12], the structural integrity and
reliability of both straight pipe and pipe elbow is more threatened than in the case of a
rectangular parallelepiped-shaped corrosion defect with rounded corners. The results presented
in this study indicate further that the more severe stress conditions in pipe elbows with
corrosion defect at the intrados section in comparison to the straight pipe lead to the shift of
assessment points into the brittle zone of the modified NFAD. According to the codes,
previously analyzed in subsection 3.2, the straight pipe can resist the defect depths which
reach 80 - 85 % of pipe wall thickness [33,81,85]. The results presented in this study and the
NFAD for the straight pipe indicate that such a criterion is overly optimistic and hence not
universally applicable. The presented results are proving the applicability and practical
benefits of the modified NFAD. The NFAD is useful for the reliability assessment of
corroded pipes and particularly critical pipe elbows taking into account the different shapes

and depth of defects and the significant stress intensification in pipe elbows.
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Fig. 7. The schematic view of the notch failure assessment diagram (NFAD) and three typical

domains. Adapted and modified from [84].

Fig. 8. Notch failure assessment diagram (NFAD) for the straight pipe and pipe elbow with

different depth ratios (d//= 0.1 - 0.8) of the rectangular parallelepiped-shaped corrosion defects

with rounded corners at the intrados section.

4. Conclusions

A comprehensive study of safety and reliability assessment of the corroded pipe elbow and

the straight pipe made of API 5L X352 pipeline steel using the numerical FEA, including the

applicability of the modified codes adapted for the pipe elbow, is presented in this paper.

Regarding the results of the limit pressure calculation and the hoop stress values in the pipe

elbow with and without different rectangular parallelepiped-shaped corrosion defect depth

ratios (d/r= 0.1 - 0.8) and the applicability of the modified codes using the Goodall formula

for calculation of the hoop stress, the following conclusions can be drawn.

There is a good agreement between the hoop stress value obtained using the Goodall
formula for calculation of the hoop stress at the intrados section of a pipe elbow
without corrosion defects and the value obtained by the FEA with the small error of
5.32 %.

The much higher error (25.94 %) is obtained using the straight pipe formula for the
calculation of the hoop stress in the pipe elbow.

The results of the limit pressure calculations using the modified codes that take into
account the pipe elbow geometry by using the Goodall formula for calculation of the
hoop stress in the pipe elbow are in close agreement with the numerical FEA results.
Both conservative trend and overestimation in the limit pressure values obtained using
ASME B31G code with the highest errors (from 10.56 up to 17.93 %) of all three
used models in comparison with the numerical FEA results for analyzed defect depth

ratios (d/t= 0.1 - 0.8) are observed.
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The results for the limit pressure obtained using the other two modified standards
(modified ASME B31G, and DNV RP-F101) are less conservative and in much better
agreement with the numerical FEA results based on the ultimate strength.

The results for the limit pressure obtained using the modified ASME B31G standard
are closest to the numerical FEA results for all defect depth ratios (error: 2.49 -
10.27 %).

The numerical FEA results for the limit pressure in the pipe elbow using the yield
strength for different defect depth ratios are consistently much more conservative and

hence not applicable in this study.

The results obtained in the previous research have proved the practical benefits of the

modified notch failure assessment diagram (NFAD) for the assessment of the structural

integrity and reliability of straight pipes and pipe elbows with different corrosion defects.

Based on the comprehensive reliability analysis using the NFAD for the straight pipe and
pipe bends (API 5L X52) with different depth ratios (d/= 0.1 - 0.8) of the rectangular

parallelepiped-shaped corrosion defect with rounded corners at the intrados section the

following conclusions can be drawn.

For the calculation of a non-dimensional crack driving force K, in the pipe elbow, a
maximum equivalent notch stress intensity factor (K..,) should be computed and used
since the elbow curvature provoked the complex mixed mode of loading. The
obtained fracture toughness value for the pipe elbow is less than for the straight pipe
due to a higher constraint.

The assessment points for the pipe elbow have a higher value of both coordinates (Z,,
K;) for all corrosion defect depth ratios than for the straight pipe, due to the stress
intensification and higher constrain in the pipe elbows.

For the corrosion defect depth ratios higher than 0.2 (d/r> 0.2), the pipe elbow
assessment points are located in the brittle zone of the NFAD, while the critical
corrosion defect depth ratio (in the failure zone of the NFAD) 1s d/r= 0.38.

The obtained critical corrosion defect depth ratio (d/r= 0.69) for the straight pipe is
significantly higher than for the pipe elbow (d/r= 0.38). Also, all assessment points for
corrosion defect depth ratios below the critical are located in the least dangerous

plastic collapse fracture domain of the NFAD.
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This study confirms that the pipe elbow is a critical part of piping systems. Moreover, the
stresses at the intrados section of the pipe elbow are higher than at extrados or crown
sections. Due to these facts, unmodified codes developed for the straight pipes are not
applicable for pipe elbows. Further investigation of modified codes for the limit pressure
calculation in the pipe elbow, taking into account the application of different contemporary

formulas for the calculation of the hoop stress, is envisaged in our future research.
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Table 1 Codes for calculating limit pressure Py of the straight pipe.

Strength reduction Geometrical
Code Limit pressure, Py factor, f{d/n) Folias Factor, M conditions
ASME . , . 5 05 5 05
B31G [43] 2{r1e,)e) fa L () () 1+08- L o8- L | -4
D t 1+ (2/3)+ (d/8)/M D Dt
2 05
1- g . [o_s . ;—] >4
T
Modified 2(1.1,+69)t ) (4 1- 085+ (d/1) 2 2y 2
ASME - b / 7] 1-085-(d/n)/M |1+0.6275+ —= 0003375 [E] r * 50
B31G [44] _
1+« 0.85-(d/1) 2 05 2 .
1- 085+ (d/t)/M 1+0.3IE a >
DNV RP- 2(* )t d 1+ (d/1) Y
F101 [45] ( Dot f[?] 1 @/0iM (1+0.SIE]
Shell-92 18y (d 1+ (d /1) 2
[46] D "¢ 1= d/H)/ M [14—0.85]
RSTRENG 2t (d 1+ (d/8)/ M - 2V
[47] D 17 {1+0.62?5- o 0-003375- (E) ]
PCORRC 2.0 (d 1e (d/1)*M I
-f(—] 1 exp|*0.157 —=—
[48] D t JD(t+ d)/2
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Table 2 Mechanical properties of API 5L X52 pipeline steel.

Yield strength, -, Ultimate strength, «,;, Elongation, 4  Fracture toughness, Kjc

(MPa)

(MPa) (%) (MPa.m")

410

straight pipe: 116.6 [12]

228 32 pipe elbow: 95 [12]
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Table 3 Hoop stress «. at the intrados section of the pipe elbow without corrosion defects.

: Hoop stress, Error (%) =
Method of calculation o (MPa) (. gemay-* - aas ) | - qrmx 100 %
Numerical FEA model (Fig. 3) .21f§Eg)9: -
Goodall formula [51] (Eq. (2)) '2'6"1:9';,2)9: 5.32
D
Straight pipe formula (Eq. (1)) '1'5"‘?;)0: 25.94
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Table 4 The difference in the limit pressure P, values for the pipe elbow based on the
ultimate strength (P *,x4) obtained by FEA, and by modified codes (B31G, modified
B31G, and DNV RP-F101) using the Goodall formula for calculation of the hoop stress in the

pipe elbow.

Defect P; (MPa), see Fig. 6,

depth and Error (%) = (PL (8316, Mod. B31G, and D) = Pr * uirgr)) | Pr ® uirreay X 100 %

ratio, Pr *uwrry Prssic) Error Pr. Mod. B316) Error Pr oonw) Error
i MPa)  (MPa) (%) (MPa) (%) MPa) (%)
0.1 16.19 14.48 10.56 16.59 2.49 17.32 6.95
0.2 15.37 13.91 0.48 15.81 2.86 16.58 7.87
0.3 14.45 13.31 791 14.94 341 15.72 8.79
0.4 13.35 12.65 521 13.98 4.72 14.70 10.14
0.5 12.12 11.95 1.40 12.90 6.45 13.48 11.25
0.6 10.72 11.19 4.39 11.69 9.03 11.99 11.85
0.7 9.35 10.37 10.87 10.31 10.27 10.12 8.26
0.8 8.03 9.47 17.93 8.73 8.77 7.72 3.89
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Fig. 1. API X52 pipeline elbow: (a) manifold separation system; (b) corroded pipe elbow;

(c) pipe elbow dimensions.
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300,00 (mm) ¢ 900,00 (mm)

Fig. 2. Pipe elbow without corrosion defects subjected to the internal - service pressure

P;=7 MPa, geometry, meshing, and hoop stress distribution.
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Pipe elbow without corrosion defects: (a) distribution of the hoop stress; (b) different

paths angles along the pipe elbow.
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900,00 (mm)

Fig. 4. Pipe elbow with rectangular parallelepiped-shaped corrosion defect with rounded corners
at the intrados section subjected to the internal - service pressure Py= 7 MPa: pipe elbow and
the geometry of rectangular parallelepiped-shaped corrosion defect with rounded corners,

meshing, and hoop stress distribution (d/= 0.5).
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Fig. 6. Comparison between the limit pressure values in the straight pipe (API 5L X52) and
the pipe elbow (at the intrados section) for different depth ratios (d/t= 0.1 - 0.8) of the
rectangular parallelepiped-shaped corrosion defects with rounded corners, obtained numerically

by FEA, and analytically using standard (straight pipe) and modified (pipe elbow) codes.
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different depth ratios (d/f= 0.1 - 0.8) of the rectangular parallelepiped-shaped corrosion defects

with rounded corners at the intrados section.
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Highlights

» Integrity of corroded pipe elbow was investigated based on the limit pressure.

* A parallelepiped rounded borders corrosion defect was created in the intrados section.
* The numerical finite element analyses (FEA) were done to modify the codes.

*  Two models (modified B31G and DNV RP-F101) agrees well with FEA results.

* The notch failure assessment diagram (NFAD) confirms the pipe elbow criticality.
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