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Abstract 

Localized metal loss (LML) in pressurized tubes is a primary contributor to tube failures and 

unplanned shutdowns and in industrial boilers. Initially, these tubes may have inconspicuous 

anomalies introduced during manufacturing, testing, and inspection. Over time, as the vessels 

are deployed and exposed to harsh environmental, operating, or aging conditions, these 

anomalies evolve, eventually leading to their failure. In this paper, detailed investigative studies 

on various metal loss flaws were carried out to acquire insights on their failure behaviour and 

mechanism, especially as they progress from very small size to lengthy size. Three 

investigations were carried out to identify which geometric parameters are most critical for 

predicting failure of the tubes and to what extent will they influence their failure. First, a range 

of real flaws that failed while operating under high internal pressure in a steam boiler were 

considered. The study compared two different modeling methods for evolving flaws to their 

failure geometry. The outcome show that for most flaws, the failure evaluation is insensitive 

to the method of evolving the flaw to failure. Second, all the flaw geometries were modeled 

using the same material and operating conditions and their failure behaviour studied. The 

findings shows that failure pressure depends solely on the flaw thickness, and not on the other 

flaw dimensions, except for pinhole flaws. Finally, a range of flaw geometries, spanning the 
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space from localized pinhole flaws to wide lengthy flaws were investigated. Outcomes of these 

studies show that failure pressure for small flaws is sensitive to the flaw geometry. However, 

the failure pressure ceases to depend on the flaw length once the flaw length is greater than 

twice the tube diameter, and ceases to depend on the flaw width when the flaw length is greater 

than the tube diameter. These results suggest that gross plastic collapse is not the dominant 

failure mechanism for small flaws. However, for flaws with a length at least twice the tube 

diameter, the flaw dimension which predicts failure is the tube remaining thickness in the 

deepest part of the flaw. These studies establish the applicability limits of gross plastic collapse 

analysis for pressurized tubes experiencing metal loss, and demonstrate opportunities for 

simplifying flaw analysis for sufficiently large flaws. Ultimately, the insights from this study 

will contribute towards appropriate preventive maintenance of these critical assets while in 

operation. 

Keywords: Localized metal loss, pressurized tubes, flaw shapes and geometries, failure 

pressure, gross plastic collapse. 
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1 Introduction 

Pressure vessels such as boiler tubes and pipes used in process, manufacturing, power and 

nuclear plants are prone to various in-service failure issues. This is due to the harsh 

environment or conditions (particularly high pressure and high temperature) which they are 

subjected to while in use. Metal loss resulting from manufacturing flaws or in-service 

mechanical damage, erosion and corrosion is one significant contributor to failures. This may 

take the form of general or localized metal loss on the exterior or interior part of the vessel. 

Localized metal loss (LML), particularly influenced by internal/external pressure and erosive 

or corrosive substances impinging on the exterior surface of pressurized vessels over time, can 

result in wall thinning and ultimately failure of these vessels. This is well illustrated by the case 

of erosion caused by fly ash in boiler tubes, which leads to the failure of the tubes at operating 

conditions that vary from their design conditions [1], often driven by plastic deformation. For 

the case of external LML, yielding begins at the thinnest portion of the flaw, extending from 

the outer diameter to the inner diameter of the tube and can lead to in-service failure of the 

tubes by gross plastic collapse. This is a frequent cause of unplanned boiler outages in industrial 

plants [1–3], leading to loss in production [2–4], expensive emergency repairs [3] and, by 

implication, increased maintenance costs. 

Efforts have been made over the years to mitigate this problem of metal loss on pressurized 

tubes. These include: prediction of a boiler tube remaining life based on a reference failure 

stress and the tube geometry [5–7], time to failure prediction of tubes in service using various 

stress and strain limits [7], estimation of the burst failure or plastic collapse for localized pits 

or scars [8–10], provision of guidelines to regulate erosive particles impinging on the tubes and 

the use of screens to redirect the particles, minimize erosion rates and velocities of the flue 

gases [4,11]. Failure benchmarks have been recommended to guide against collapse of the 

pressure vessels while in service, such as using a plastic strain limit of 2% [12–14] or a stress 
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limit that corresponds with the flow strength or ultimate tensile strength (𝜎𝑢𝑡𝑠) of the pressure 

vessel [15–17]. Finite element analysis (FEA) has been used to assess and evaluate tubes with 

localized thinning against failure [8,18–20]. This has been recommended as an efficient method 

of evaluating metal loss failures in pressure vessels by the American Petroleum Institute (API) 

and the American Society of Mechanical Engineers (ASME) [21,22]. Based on its efficacy, the 

FEA approach has been recommended for use when assessing ageing pressure vessels or those 

in prolonged service [23]. 

Despite efforts to address metal loss failures, they remain a significant concern, particularly in 

the management of ageing infrastructures within a constrained economic environment. The 

complexities surrounding these defects mean that more research is needed to gain deeper 

insight into the failure behaviour of localized flaws in pressurized vessels during operation. 

Investigating the tube geometry and flaw parameters that most critically influence vessel failure 

is also essential. To advance understanding of the failure behaviour of localized flaws in 

pressurized vessels during service, three comprehensive investigations were undertaken. First, 

the evolution of the flaw geometry from an initial flaw to the final failed dimensions was 

explored. To answer the question: “Does the flaw evolution assumption influence predicted 

failures?”, the case in which flaw depth increases while other flaw dimensions remain the same 

was compared with the scenario in which all the flaw dimensions increase proportionally. 

Second, the material model and tube dimensions as variables were removed from the study, 

remodeling all the flaws on a single tube with fixed material and dimensions. This allows us to 

answer the question: “How does flaw geometry affect failure pressure?” Finally, the failure 

pressures for tubes with hypothetical flaws spanning the space from short to long and from 

slender to wide were systematically investigated to better understand the failure behaviour of 

the progression of the flaws from a pinhole size to a lengthy size. The study also helps to answer 

the question, “For which flaw dimensions is plastic collapse the appropriate failure model?” 
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Overall, the study outcomes enable the identification of distinct flaw categories that fail in 

fundamentally different ways. The research provides insight into the geometric parameters that 

define each category and their implications on tube failure during operation. Furthermore, the 

findings from this study will enhance our understanding of the applicability limits of gross 

plastic collapse analysis for pressure vessels experiencing metal loss. The study also sheds light 

on the extent to which flaw geometry influences the failure of these pressure vessels. 

Consequently, these insights will contribute to the development of effective preventive 

maintenance strategies for these critical assets during operation. 

2 Modeling and evaluation methodology 

The evaluation procedure used for all the investigations is summarized in the flow chart in Fig. 

1 and described in this section. This finite element analysis procedure has been implicitly 

validated against data from real failed tubes [19]. 

2.1 Data obtained from failed tubes 

A selection of failed tubes with varying flaw sizes and shapes due to localized erosion are used 

for this study. These tubes failed as they operated under high internal pressure in a steam boiler. 

Fig. 2 shows the example of a tube that failed by gross plastic collapse. Each tube is 

characterized by overall dimensions, flaw dimensions, material, and operating conditions. 

Specifically, 𝐷𝑜 is the exterior diameter of the tube and 𝑡 is the tube thickness. The flaws were 

measured after failure and the dimensions include 𝑡𝑓 , the tube remaining thickness at failure, 𝑓𝑙   

and 𝑓𝑤, the flaw length and width, respectively. These dimensions are shown in Fig. 3. The 

flaw depth is calculated as 𝑓𝑑 = 𝑡 − 𝑡𝑓. The measured dimensions of the failed (effective) area 

in each tube are small in comparison to the entire flawed region (as seen in Fig. 2) and the tube 

length, so the total tube length was not recorded. The operating conditions are represented by 

the material operating temperature, 𝑇, and operating pressure, 𝑃. 
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Fig. 2. A failed tube with local metal loss (left). A magnified view of the localized eroded tube (right). 

The details of the five tubes examined in this research can be seen in Table 1. To enable 

comparison between flaws in different tubes, the flaw length and width are normalized with 

reference to the tube external diameter. From their normalized dimensions (𝑓𝑙 𝐷𝑜⁄  and 𝑓𝑤 𝐷𝑜⁄ ), 

Extract the failure pressure values  

at 5 %   plastic strains  from the 

deepest flaw region

Model defected tubes and 
parameterize their flaw dimensions

Obtain flaw 

measurements from 

defected tubes and their 

operating conditions

Incorporate 
temperature dependent 

material models with 
strain hardening effects

Run FE models to plastic strain 
localization using their operating 

pressures

Construct plots of failure pressure with
 respect to the remaining tube 

thickness ratios

 

Fig. 1. Flow chart showing the assessment procedure used for the study. 

Flaw region 
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it can be seen that these tubes span a variety of localized metal loss (LML) scenarios, ranging 

from slender to wide flaws, from short to very long flaws, and including a pinhole flaw. 

 

Fig. 3. Geometry of flawed tubes 

Table 1. Specifications of the selected tubes, with flaw dimensions 

 Tube 1 Tube 2 Tube 3 Tube 4 Tube 5 

𝐷𝑜  (mm) 75.0 47.5 63.0 38.0 33.0 

𝑡 (mm) 7.0 5.4 5.4 3.8 3.6 

𝑡𝑟𝑓 (mm) 0.50 1.20 0.42 0.45 0.20 

Material BS 3059 Grade 

360 

SA 210 A1 BS 3059 Grade 

440 

BS 3059 Grade 

440 

DIN 17175 

15Mo3 

𝑃 (MPa) 12.40 19.58 11.20 20.00 20.91 

𝑇 (℃) 384 400 350 250 414 

Flaw dimensions and descriptions 

𝑓𝑙 (mm) 600 400 310 500 20 

𝑓𝑤 (mm) 20 45 60 35 15 

𝑓𝑑 (mm) 6.50 4.20 4.98 3.35 3.40 

𝑓𝑙 𝐷𝑜⁄  8.00 8.42 4.92 13.16 0.61 

𝑓𝑤 𝐷𝑜⁄  0.267 0.947 0.952 0.921 0.455 

Flaw 

description 

Long slender 

flaw 

Long wide flaw Short wide flaw Very long wide 

flaw 

Pinhole flaw 

 

2.2 Geometry and meshing 

Idealized LML flaws matching the observed flaw dimensions at failure listed in Table 1 are 

modelled in ANSYS® with ellipsoidal shapes, which have been considered as accurate 

representations of metal loss. An offset ellipse is swept over an unflawed pipe model to 

generate the ellipsoidal flawed shape. The geometry of the offset ellipse is calculated to match 

the known flaw dimensions, as described in detail in [19,20]. Fig. 4 shows the flawed tube 

models.  
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To model the effect of increasing flaw size, additional hypothetical flaws are created with 

varying remaining wall thickness, 𝑡𝑟. These additional flaws progress from an initial shallow 

flaw to the known final flaw dimensions. It is important to distinguish between the modeled 

remaining wall thickness, 𝑡𝑟, which changes to represent flaw evolution in the finite element 

analyses, and the measured remaining thickness of the tube at failure 𝑡𝑓.  

For the analysis of the tubes, a quarter FE model that makes use of symmetry conditions is 

employed, as shown in Fig. 5. Along the axis of symmetry in the models, shown shaded in 

 

(a) 

 

(b) 

 

(c)  

(d) 

 

(e) 

Fig. 4. Models of flawed tubes used for this study (a) Tube 1: long slender flaw (b) Tube 2: long wide flaw 

(c) Tube 3: short wide flaw (d) Tube 4: very long wide flaw and (e) Tube 5: pinhole flaw. 
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blue, frictionless constraints are imposed. At the model’s far-left side, a remote displacement 

support is placed along the edges to restrict any rotational movement and displacement on the 

y-axis. The operating pressure,  𝑃 is applied to the interior tube surface, and increased linearly 

with each time-step. The axial force, 𝐹, defined as a function of 𝑃, is applied at the model’s 

far-left side, providing the corresponding axial stress without explicitly modeling end caps. 

The finite element mesh (shown in Fig. 6) uses predominantly quadratic hexahedral elements. 

Mesh quality control measures are employed locally at the flaw region to improve the mesh 

quality. Further refinement is performed at the tip of the flaw area, which is where the results 

of the analysis will be extracted, ensuring that there are a minimum of five elements through 

the wall thickness. The mesh quality of the models ranges from an average element quality of 

0.913 with 91,804 elements for the tube with the long slender flaw to an average element 

quality of 0.825 with 11,793 elements for the tube having the pinhole flaw. Each model is 

solved on ANSYS® Mechanical platform using a step with minimum 20 sub-steps to maximum 

1000 sub-steps with material nonlinear effects and large deflection active. ANSYS® direct 

solver type is used. 

2.3 Material properties 

Properties of in-service boiler tube materials are affected by the operating temperature. The 

temperature effect on the mechanical strength of the tubes is appropriately incorporated using 

the specified minimum yield strength and tensile strength based models obtained from the API 

 

Fig. 5. Boundary conditions with operating pressure applied on the tube 
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579-1/ASME FFS standard [21]. The elastic modulus, 𝐸 and thermal expansion coefficient, 

𝛼, of the tubes at their service or operating temperature, T, are included in the study, using the 

BS 3059: Part 2 standard [24]. Table 2 shows the mechanical properties of the tubes at their 

respective in-service temperatures used for this study.  

 

 

Fig. 6. One of the meshed tubes (top) with the front view (lower left) and a magnified cross-section of the 

well-refined flaw area (lower right). 

The true stress-true strain Material Properties Council (MPC) model, referenced in the API-

ASME FFS Standard, Annex 2E.3.1, [21] is adopted for this study. The material model 

developed for each tube, shown in Fig. 7, incorporates work hardening due to plastic 

deformation, as recommended by previous studies [7,23,25]. This material model is 
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implemented in ANSYS as a multilinear isotropic hardening model that obeys von Mises 

associated flow plasticity theory within a large deformation framework. 

Table 2. Properties of flawed tubes at their respective operating temperatures  

Tubes Temperature (℃) 𝜎𝑦 (MPa)  𝜎𝑢𝑡𝑠 (MPa) 𝛼 (× 10−6  ℃−1) 𝐸 (GPa) 

Tube 1 384 170.08 260.54 13.60 184.28 

Tube 2 400 181.91 296.04 13.70 183.00 

Tube 3 350 182.59 327.92 13.40 187.00 

Tube 4 250 197.33 354.39 12.85 194.50 

Tube 5 414 240.27 400.45 13.76 181.74 

 

 

Fig. 7. Material model at the temperatures in which the tubes failed 

2.4 Determination of failure in Finite Element Analysis 

The tube is deemed to have failed when the maximum plastic strain reaches 5%, for which the 

failure pressure is denoted 𝑃5%. This failure criterion is used since it has been shown in previous 

studies to be an appropriate reference failure limit for pressurized tubes undergoing localization 

[7,20]. It is also in line with the American Petroleum Institute (API) recommendation of a 

plastic strain limit at any point in the model [22]. The equivalent plastic strain and von Mises 

stress distributions for one of the tubes (Tube 2, with a long wide flaw) are shown in Fig. 8. 

Notice that the tube attains a 5% plastic strain on the pipe’ surface at the deepest point of the 

flaw region, where the wall thickness is at its minimum. At this strain level, the Von-Mises 

stress reaches approximately 88% of the 𝜎𝑢𝑡𝑠, which is within the stress-based limits. 
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Fig. 8. Equivalent plastic strain and von Mises stress distributions for Tube 2, with a long wide flaw. 

3 Comparison between two methods of evolving the flaw dimensions 

3.1 Study setup 

To identify which geometric parameters are most critical for predicting failure of the tubes and 

to what extent will they influence their failure, two different modeling methods for evolving 

flaws to their failure geometry are first compared. The modeling approach (as Case 1) in which 

the flaw width (𝑓𝑤) and length (𝑓𝑙) do not change as the flaw depth (𝑓𝑑) increases, as was 

assumed in our previous research [7,19] was compared with an approach in which all the 

dimensions of the flaw evolve proportionally (as Case 2). This comparison is to check whether 

the flaw evolution assumption affects the tube failure results. Case 1, illustrated in Fig. 9 (a), 

maybe conservative (i.e. it predicts a smaller failure pressure) in comparison with Case 2, 

illustrated in Fig. 9 (b), since there is more material loss at earlier stages of the flaw evolution.  

This study includes 50 finite element analyses, representing five different remaining wall 

thicknesses, 𝑡𝑟, and consequently flaw depths, 𝑓𝑑, for each of the five tubes considered, 

repeated for both flaw evolution assumptions, shown in Table 3. For each tube, we begin with 

a known final flaw dimension, (shown by the solid black line in Fig. 9 and create hypothetical 

smaller flaws with decreasing flaw depth (red lines) up to an assumed initial flaw size (dotted 

black line). As shown in Table 3, the parametrized flaws can be distinguished by their variation 
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patterns: Case 1 flaws vary in 𝑓𝑑 while 𝑓𝑙 and 𝑓𝑤 remain fixed, whereas Case 2 flaws vary in 

all dimensions. The 𝑓𝑑 𝑡⁄  range is chosen such that the flaws are parameterized from about 

approximately 40% to about 90% of the initial tube wall thickness, which demonstrates the 

flaw progression from a point where the tubes will be safe for use to a point where the tubes 

are known to have failed. 

Table 3 Parameterized dimensions of the remodeled flaws 

    Case 1 Case 2 

Flaws 𝑡𝑟 (mm) 𝑓𝑑  (mm) 𝑓𝑑 𝑡⁄  𝑓𝑙  (mm) 𝑓𝑤  (mm) 𝑓𝑙  (mm) 𝑓𝑤  (mm) 

Long slender flaw 3.95 3.05 0.44 600 20 411.15 14.62 

2.50 4.50 0.64 600 20 499.19 17.45 

1.50 5.50 0.79 600 20 551.90 18.96 

1.00 6.00 0.86 600 20 576.45 19.51 

0.50 6.50 0.93 600 20 600 20 

Long wide flaw 3.27 2.13 0.39 400 45 284.83 38.18 

1.82 3.58 0.66 400 45 369.29 44.11 

1.67 3.73 0.69 400 45 376.95 44.31 

1.44 3.96 0.73 400 45 388.4 44.67 

1.20 4.20 0.78 400 45 400 45 

Short wide flaw 3.16 2.24 0.41 310 60 207.85 50.87 

2.30 3.10 0.57 310 60 244.54 55.77 

1.44 3.96 0.73 310 60 276.41 58.76 

0.93 4.47 0.83 310 60 293.68 59.68 

0.42 4.98 0.92 310 60 310 60 

Very long wide flaw 2.10 1.70 0.45 500 35 356.17 27.80 

1.55 2.25 0.59 500 35 409.76 30.91 

1.29 2.51 0.66 500 35 432.79 32.11 

0.73 3.07 0.81 500 35 478.64 34.18 

0.45 3.35 0.88 500 35 500 35 

 

Fig. 9. Cross-section of a flawed tube showing (a) the flaw evolving in depth only (Case 1) 

and (b) the flaw evolving in all its dimensions (Case 2). 
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Pinhole flaw 1.75 1.85 0.51 20 15 14.36 11.24 

1.60 2.00 0.56 20 15 14.97 11.67 

1.10 2.50 0.69 20 15 16.89 12.98 

0.60 3.00 0.83 20 15 18.66 14.15 

0.20 3.40 0.94 20 15 20 15 

3.2 Results 

For Case 1, in which the flaws evolve only along the depth while other flaw dimensions are 

fixed, the failure pressure 𝑃5%is plotted against the remaining thickness of the flawed tube as 

it undergoes metal loss, 𝑡𝑟 in Fig. 10. The remaining thickness is normalized by the tube 

thickness to facilitate comparison between different tubes. For Tubes 1 to 4, a linear decrease 

in failure pressure is observed with increasing flaw depth. It can also be seen that at low 

remaining tube thickness ratios, 𝑡𝑟 𝑡⁄  (where most of the tubes failed), there is a noticeable 

difference in the tube failure pressure. This is an artefact of the tube remaining thickness at 

failure, 𝑡𝑟𝑓, as flaws were only parametrized up to this value. Given the long dimensions of the 

flaws in Tubes 1 to 4, failure is assumed to have taken place by rupturing, a failure mechanism 

attributed to gross plastic deformation of the thinned area resulting in an unstable length-wise 

propagation of the flaw [26,27].  

The conspicuous exception to this is the tube with the pinhole flaw (see Fig. 10), which clearly 

differs from the failure behavior observed in the other tubes. The failure pressure is 

approximately double that of the other tubes and the failure pressure decreases nonlinearly with 

increasing flaw depth. From this model, the tube should still be safe at the operating pressure, 

giving the high predicted failure pressure. However, in reality this tube failed. This indicates 

that failure occurred quite early before the flaw developed to a larger size. Unlike other flaws 

that failed by rupturing, due to the insufficient length of the pinhole flaw to initiate a 

propagating rupture, the failure mechanism associated with it is most likely a leakage. This is 

in line with other literature that reported the tendency of small flaws (such as this one) that 

appear to be like a pinhole or puncture to cause leakages in pipes [26,27]. We argue that for 
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small and localized metal loss flaws plastic collapse is inhibited by the support provided by the 

surrounding material.  

 

Fig. 10. Failure pressure of Case 1 flawed tubes with respect to their remaining thicknesses. 

To check if flaw evolution assumption (such as was employed in Case 1) can affect the tube 

failure predictions, the results are compared with Case 2, in which flaw progression is modelled 

in all three dimensions. This will enable us to ascertain whether or not the failure evaluation of 

in-service metal loss flaws on pressurized tubes is sensitive to how the flaws evolve. 

Results for the Case 2 analysis (evolving all flaw dimensions in proportion to each other) are 

shown in Fig. 11. The same linear relationship is seen again between failure pressures and the 

ratio of the remaining tube thickness, 𝑡𝑟 𝑡⁄  for the flawed tubes, with the exception of the 

pinhole tube. The two cases are directly compared in Fig. 12, in which the absolute and 

percentage differences are plotted against the normalized remaining tube thickness,  𝑡𝑟 𝑡⁄ . It is 

noteworthy to report that generally, there is no appreciable difference between the two cases. 

The difference for Tubes 1 to 4 remains below 2%. Tube 5, containing the pinhole flaw, 

behaves differently, showing a maximum difference of 7.5%. This can be attributed to the 

highly localized shape of this flaw, which will result in a substantial difference between the 
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two flaw evolution assumptions. For all flaws, the difference is minimized at the point of 

minimum remaining thickness, as this represents the same geometry for both cases.  

 

Fig. 11: Failure pressure of Case 2 flaw progression with respect to the remaining tube thicknesses. 

 

Fig. 12: Absolute and percentage differences between the two case scenarios investigated. 

The implication of these results clearly shows that whether a flaw is evolved only by increasing 

the depth (𝑓𝑑), while the length (𝑓𝑙) and width (𝑓𝑤) remain unchanged, or whether a flaw is 

evolves in all of its dimensions (𝑓𝑙, 𝑓𝑤 and 𝑓𝑑), the impact on the failure of the tubes will be 

similar. Thus, changes in localized flaw progression on the tubes will have a negligible effect 

on their failure. The finding from this investigation using real failed tubes further substantiates 

previous studies that were done on conceptualized tubes with conservative flaw progression 

[20,28]. The insight from this analysis shows that failure evaluation of in-service boiler tubes 

undergoing LML is insensitive to how the flaws evolve. Hence, a convenient method for 

evolving flaw geometries is sufficient for conducting failure assessment of flawed tubes. 
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4 Effect of the flaw geometry after removing material and tube dimension 

differences  

4.1 Study setup 

Although Tube 5 showed a marked difference from the other tubes in the first investigation, it 

is important to determine whether this was due to the flaw geometry or could it be attributed to 

the tube material, dimensions and operating conditions. In this investigation, all the flaws are 

remodeled on the same tube. By so doing, geometry and material factors will be eliminated, 

thereby giving us a better understanding of the failure mechanism associated with the flaws. 

The dimensions (as reported in Table 1) and material properties (as reported in Table 2) of 

Tube 1 are used as the basis for this study. A hypothetical remaining thickness at failure 𝑡𝑓
′ , is 

calculated by scaling the original flaw to the new tube thickness. Since the previous study 

demonstrated that the failure pressure is relatively insensitive to the method of flaw evolution, 

the flaw lengths and widths remain unscaled. The dimensions of these remodeled flawed tubes 

are shown in Table 4. The flaws depths are parameterized from about half of their wall 

thickness to about 90%, to allow for the modeling of the flaws from a safe point (pre-yielding) 

to the point where they all failed, resulting in 25 finite element analyses.  

Table 4. Remodeled tube dimensions 

Tubes 

no 

𝐷𝑜 

(mm) 

𝑡 

(mm) 

 𝑡𝑓
′

 

(mm) 

𝑓𝑙  

(mm) 

𝑓𝑤  

(mm) 

𝑓𝑑  

(mm) 

1A. 75.0 7.0 0.50 600 20 6.50 

2A. 75.0 7.0 1.56 400 45 5.44 

3A. 75.0 7.0 0.54 310 60 6.46 

4A. 75.0 7.0 0.83 500 35 6.17 

5A.  75.0 7.0 0.39 20 15 6.61 

4.2 Results 

The results are shown in Fig. 13. It is immediately apparent that, with material properties and 

tube dimensions removed as variables, the results from Tubes 1 to 4 collapse onto a line. 

Although these flaws range in length from 5 to 13 times the tube diameter, and in width from 
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a quarter of the tube diameter to the full tube diameter, the only component of flaw geometry 

which impacts the failure pressure is the remaining thickness. In contrast, the difference 

between the failure pressures associated with the smallest flaw (Tube 5) and those of the other 

tubes is even more pronounced once the material variation has been removed. This corroborates 

the inference made earlier from the results in section 3 that Tube 5 failed due to leaking rather 

than gross plastic collapse. It can also be inferred from the result obtained that as long as the flaws 

exist under similar tube and material conditions, in spite of their varied geometry, their failure 

behaviour as they evolve through the tube thickness will be in a similar fashion. Only marginal 

differences in their failure pressure at the same remaining tube thickness will be seen. This 

makes the remaining tube thickness a key parameter that can impact tube failure. 

 

Fig. 13. Failure pressure of the remodeled flawed tube with respect to the remaining tube thickness. 

5 Systematic evaluation of flaws spanning a range of sizes 

5.1 Study setup 

The observed difference in failure pressures between Tube 5 (with the pinhole flaw) and Tubes 

1 to 4 (with lengthier and wider flaws) has been attributed to the possibility of a different failure 

mode – leaking rather than gross plastic collapse. This leads us to investigate flaws which span 

the space between the pinhole flaw and lengthy flaws to better understand the failure behaviour 
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of the progression of the flaws from a pinhole size to a lengthy size. The study also provides 

answer to the question of which flaw dimensions is plastic collapse the appropriate failure 

model. A full-factorial study considering 𝑓𝑙 𝐷𝑜⁄  ratios between 0.267 and 8.0 and 𝑓𝑤 𝐷𝑜⁄  ratios 

between 0.2 and 0.5 is developed, and illustrated schematically in Fig. 14. These flaws are 

modeled on Tube 1, with 𝐷𝑜 = 75 mm and 𝑡 = 7 mm. The specific normalized flaw 

dimensions are chosen based on the real flaws from Table 1. 

 
Fig. 14. Pictorial representation of the range of flaw geometries investigated. 

For each flaw 𝑓𝑤 𝐷𝑜⁄  ratio, models with each of the 𝑓𝑙 𝐷𝑜⁄  ratios are constructed. Each of the 

designed flaw models is also parameterized to consider a range of remaining tube 

thicknesses, 𝑡𝑟, while the 𝑓𝑙 𝐷𝑜⁄  and 𝑓𝑤 𝐷𝑜⁄  of the model remain unchanged. The flaws are 

parameterized such that 𝑡𝑟 varies from about 50% of the initial wall thickness to about 7%, 

which demonstrates the flaw progression from a point where the flawed tubes are expected to 

be safe to the point they would have most likely failed. Based on the design set-up, a total of 

150 parameterized FE models are constructed and analyzed. Appendix A shows the failure 

pressure values obtained for each of the 150 FE models that were simulated and analyzed. Fig. 

15 shows a representation of the extremes of the simulated flawed tube geometries; with 𝑓𝑙 𝐷𝑜⁄  

of 0.267 and 8, combined with 𝑓𝑤 𝐷𝑜⁄  of 0.2 and 0.5. The geometry models of some other 

𝑓𝑤 𝐷𝑜⁄  ratios are shown in Appendix B.  
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5.2 Results 

Results of the analysis are depicted in Fig. 16 and Fig. 17. Fig. 16 depicts the failure pressure 

for each flaw width through the different flaw lengths, while Fig. 17 shows the failure pressure 

results for each flaw length through varied flaw widths considered in this study. In either figure, 

a similarity in the failure behavior pattern can be seen for all flaws, with the failure pressure 

generally declining as the 𝑡𝑟 𝑡⁄  decreases for most of the flaws. This is consistent with the 

observation from previous analyses, especially for tubes with the same tube and material 

condition, as the flaws evolve through the tube thickness. 

In Fig. 16 the failure pressure is plotted against the normalized flaw lengths for a range of 

remaining thicknesses (shown as different lines on each graph) for increasing normalized flaw 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
Fig. 15 Simulated flawed tube models for (a) pinhole flaw with 𝑓𝑙 𝐷𝑜 = 0.267⁄  and 𝑓𝑤 𝐷𝑜 = 0.2⁄  (b) long 

slender flaw with 𝑓𝑙 𝐷𝑜 = 8⁄  and 𝑓𝑤 𝐷𝑜 = 0.2⁄  (c) wide pinhole flaw with 𝑓𝑙 𝐷𝑜 = 0.267⁄  and 𝑓𝑤 𝐷𝑜 = 0.5⁄  

(d) long wide flaw with 𝑓𝑙 𝐷𝑜 = 8⁄  and 𝑓𝑤 𝐷𝑜 = 0.5⁄ . 
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widths in subfigures (a) to (e). The curves all show the same trend, with a steep initial slope 

for small lengths, decreasing as the length increases. From  𝑓𝑙 𝐷𝑜⁄ ~2 the curve begins to flatten 

and variation in the failure pressure diminishes. After this point, no appreciable difference in 

failure pressure is seen for longer flaws. This point can be taken as a transition point between 

short and sufficiently long flaws.  

For short flaws, the predicted failure pressure is strongly inversely related to the flaw length. 

This decrease in failure pressure associated with the flaw length is only observable up to the 

transition point (𝑓𝑙 𝐷𝑜⁄ ~2), after which the curve tends to an asymptote. For flaws longer than 

this transition ratio (𝑓𝑙 𝐷𝑜⁄  > 2) the failure pressure does not depend on the flaw length, allowing 

for an appropriate estimation of the failure pressure of long flaws irrespective of their width. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Fig. 16. Failure analysis results for simulated flaws through increasing flaw length (𝑓𝑙 𝐷𝑜⁄ ) for different flaw 

widths  (a) 𝑓𝑤 𝐷𝑜 = 0.2⁄  (b) 𝑓𝑤 𝐷𝑜 = 0.267⁄  (c) 𝑓𝑤 𝐷𝑜 = 0.333⁄  (d) 𝑓𝑤 𝐷𝑜 = 0.4⁄  (e) 𝑓𝑤 𝐷𝑜 = 0.5⁄  
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This outcome on pressurized tubes with LML flaws correlates with studies on defected pipes 

that showed explicit limits for lengthy flaws, which allows for their failure pressure 

estimations, while providing a specific burst pressure expression for finite flaw sizes [29,30]. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 
 

(f) 
Fig. 17. Failure analysis results for simulated flaws through increasing flaw width (𝑓𝑤 𝐷𝑜⁄ ) for different flaw 

lengths (a) 𝑓𝑙 𝐷𝑜 = 0.267⁄  (b) 𝑓𝑙 𝐷𝑜 = 0.533⁄  (c) 𝑓𝑙 𝐷𝑜 = 1.067⁄  (d) 𝑓𝑙 𝐷𝑜 = 2.133⁄  (e) 𝑓𝑙 𝐷𝑜 = 4⁄ . (f) 

𝑓𝑙 𝐷𝑜 = 8⁄ . 

In Fig. 17, the failure pressure is plotted against the normalized flaw widths for a range of 

remaining thicknesses (shown as different lines on each graph) for increasing normalized flaw 

lengths in subfigures (a) to (f). As can be observed, the failure pressure generally decreases for 

decreasing remaining thickness. For flaw length ratios up to 𝑓𝑙 𝐷𝑜 = 1.067⁄ , the failure 

pressure shows a slight linear decrease as the flaw width increases, and a pronounced decrease 

between different flaw length graphs. For flaw length ratios of 𝑓𝑙 𝐷𝑜 = 2.133⁄  and higher, the 
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results are constant for both flaw width and flaw depth. As such, the contributory influence of 

the flaw width towards the tube failure is only pronounced for small flaw lengths (𝑓𝑙 𝐷𝑜 ≤ 1⁄ ). 

The result obtained from this study demonstrates that short flaws with lengths 𝑓𝑙 𝐷𝑜⁄ < 2 are 

increasingly sensitive to the flaw geometry as the length and width decrease. As such, careful 

attention should to be given to such flaws during maintenance schedules. It is expected that deep 

flaws of small width and length will fail by a mechanism such as leaking rather than by gross 

plastic collapse. More so, this study by implication establishes the limits of validity of our 

previously proposed failure prediction methodology in [7,19]. It is recommend that the failure 

methodology should not be used for flaws with a length shorter than twice the pipe diameter, 

as these flaws are not well characterized by gross plastic collapse. In contrast, for flaw lengths 

of 𝑓𝑙 𝐷𝑜⁄ ≥ 2, the failure pressure shows no sensitivity to flaw width or depth, and is solely 

governed by the remaining flaw thickness, enabling efficient estimation of failure pressure and 

risk-based prioritization for in-service integrity assessments of pressurized tubes. 

6 Conclusions 

In this paper, comprehensive investigative studies were carried out on various metal loss flaws 

to acquire insights on their failure behaviour and mechanism, especially as they progress from 

very small size to lengthy. Flawed tubes with different aspect ratios and descriptions (long 

slender, long wide, short wide, very long wide and pinhole flaws) that cover a variety of 

localized metal loss (LML) scenarios were analyzed. A total of 225 finite element analyses 

were conducted in this study. The following findings were made: 

1. The assessment of most in-service metal loss flaws on pressurized tubes is insensitive 

to how the flaws evolve to failure. As such, any convenient geometry that can 

reasonably characterize the progression of the flaw will be adequate for conducting the 

failure analysis of in-service tubes with LML. 
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2. For sufficiently large flaws which can be expected to fail by rupture following gross 

plastic collapse, a linear relationship exists between the failure pressure of flawed tubes 

and the remaining thickness at the flaw's deepest point. 

3. A notable exception to this failure pattern is seen with small deep flaws, which are 

postulated to fail by leaking rather than by plastic collapse, since plastic collapse is 

inhibited by the support provided by the surrounding material. 

4. As long as flaws exist under similar tube and material conditions, in spite of their varied 

geometries, their failure behavior as they evolve through their wall thicknesses will be 

in a similar fashion. Only marginal differences in their failure pressure at the same 

remaining tube thickness will be seen. 

5. Failure pressure for small flaws is very sensitive to their flaw geometries and is not 

adequately characterized by gross plastic collapse. The apparent decrease in failure 

pressure of the deep finite size flaws due to the effect of the small flaw length and width 

warrants that more careful attention must be given to such flaws in practice.  

6. The failure pressure ceases to depend on the flaw length when it is greater than twice 

the tube diameter, and ceases to depend on the flaw width when the flaw length is 

greater than the tube diameter. Once the flaw length is at least twice the tube diameter, 

the only flaw dimension which is necessary to predict failure is the remaining tube 

thickness in the deepest part of the flaw. 

7. The findings from this research establishes the applicability limits of gross plastic 

collapse analysis for pressurized tubes experiencing metal loss. It also substantiates the 

validity of our previously proposed failure prediction methodology for conducting 

fitness for service assessment on metal loss flaws in a high pressure and high 

temperature environment. 
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All the outcomes from this study helped us to better understand the failure behavioral 

pattern and mechanisms associated with localized metal loss flaws of varying sizes. The 

insights from this work will be useful for the maintenance of these pressurized tubes while 

in service. 
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Appendix A 

Failure pressures for all the simulated FE models constructed from the pinhole size to the long 

flaw wide flaw at varying remaining thicknesses.   

Table A1 Failure pressure for each flaw at the given remaining thickness 

 𝑡𝑟 𝑡⁄  (%) 7.1 11.4 20.0 34.3 48.6 

𝑓𝑤 𝐷𝑜⁄  𝑓𝑙 𝐷𝑜⁄  Failure pressure [MPa] 

0.200 0.267 28.884 31.561 34.386 37.176 39.551 

0.533 20.911 24.030 27.594 31.689 35.215 

1.067 12.807 15.611 19.820 25.278 30.328 

2.133 7.554 9.899 14.206 20.617 26.734 

4.000 5.466 7.661 11.930 18.668 25.184 

8.000 4.380 6.560 10.844 17.762 24.531 

0.267 0.267 26.790 30.207 33.349 36.787 39.555 

0.533 18.435 22.518 26.618 31.395 35.336 

1.067 12.382 15.275 19.651 25.494 30.663 

2.133 7.953 10.112 14.417 20.969 27.224 

4.000 5.746 7.865 12.089 18.946 25.571 

8.000 4.622 6.751 11.015 18.060 24.963 

0.333 0.267 24.487 28.975 32.647 36.396 39.480 

0.533 15.727 20.451 25.427 30.650 35.089 

1.067 11.502 14.527 19.068 25.197 30.657 

2.133 8.170 10.279 14.446 21.073 27.384 

4.000 5.917 8.068 12.235 19.088 25.815 

8.000 4.724 6.904 11.152 18.190 25.185 

0.400 0.267 22.779 27.292 32.096 36.233 39.476 

0.533 13.894 18.766 24.272 30.051 34.827 

1.067 10.581 13.622 18.325 24.720 30.485 

2.133 8.122 10.373 14.453 21.089 27.496 

4.000 6.003 8.221 12.415 19.250 26.043 

8.000 4.791 7.016 11.315 18.364 25.428 

0.500 0.267 20.818 26.620 31.549 35.980 39.509 

0.533 12.064 16.650 22.769 28.519 34.537 

1.067 9.640 12.407 17.240 24.006 30.183 

2.133 7.047 9.624 13.806 21.106 27.633 

4.000 5.979 8.301 12.639 19.518 26.437 

8.000 4.849 7.130 11.528 18.655 25.779 
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Appendix B 

Geometry of additional simulated pinhole flaw size and most lengthy flaw size models. 

 

  
…………………………. (a)……………………………………………… (b) 

  
…………………………... (c)……………………………………………... (d) 

 
………………………….. (e)…………………………………………......... (f) 

Fig. B 1. Simulated flawed tube models for (a) pinhole size flaw with 𝑓𝑙 𝐷𝑜 = 0.267⁄  and 𝑓𝑤 𝐷𝑜 = 0.267⁄  (b) 

lengthy size flaw with 𝑓𝑙 𝐷𝑜 = 8⁄  and 𝑓𝑤 𝐷𝑜 = 0.267⁄  (c) pinhole size flaw with 𝑓𝑙 𝐷𝑜 = 0.267⁄  and 0.333 (d) 

lengthy size flaw with𝑓𝑙 𝐷𝑜 = 8⁄  and 𝑓𝑤 𝐷𝑜 = 0.333⁄  (e) pinhole size flaw with 𝑓𝑙 𝐷𝑜 = 0.267⁄  and 0.4 (f) 

lengthy size flaw with 𝑓𝑙 𝐷𝑜 = 8⁄  and 𝑓𝑤 𝐷𝑜 = 0.4⁄ . 
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