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ABSTRACT 
Corrosion is a major threat to pipeline integrity. Over the 

past half century, many corrosion assessment models have been 

developed for determining the remaining strength of corroded 

pipelines, including the traditional industry codes of ASME 

B31.G, Modified B31.G and PRCI RSTRENG, and numerous 

newer corrosion criteria, such as LPC, PCORRC and their 

modified models. However, all available corrosion assessment 

models are applicable to large diameter, thin-walled line pipes 

with a diameter to wall thickness ratio D/t ≥ 20. In practice, there 

are a lot of small-diameter, thick-walled pipelines with a D/t ratio 

< 20, and thus an adequate corrosion assessment model is needed 

for predicting remaining strength for corroded thick-walled 

pipelines. 

This paper first reviews the burst pressure models for defect-

free thin and thick-walled pipelines and a variety of corrosion 

assessment models for thin-walled pipelines. On this basis, three 

corrosion assessment models are developed for thick-walled 

pipelines in terms of the average shear stress yielding theory. A 

large set of burst test data is employed to evaluate and validate 

the proposed corrosion assessment models for thick-walled 

pipelines in a wide range of pipeline steel grades. The 

comparison shows that the proposed thick-wall corrosion models 

more accurately predict the remaining strength for both thin and 

thick-walled pipelines with corrosion defects. 

 

KEYWORDS: Pipeline, corrosion defect, remaining strength, 

corrosion assessment model, thick-wall theory 

 

1. INTRODUCTION 
Pipeline systems are an important infrastructure in the 

energy sector that provides economic and safe transportation of 

large volumes of crude oil or natural gas over long distances to 

meet increasing energy demands. The pipelines are made of 

carbon steels, and most pipelines are buried underground per 

regulations.  Due to underground water or sour soils, buried steel 

pipes are susceptible to external corrosion attack that threatens 

pipeline integrity. It has been recognized that corrosion is one of 

leading causes of failure for aging pipelines, and thus corrosion 

assessment is critical for pipeline operators to manage their asset 

integrity for buried pipelines [1]. 

For determining burst strength of pressure vessels, 

numerous empirical, analytical or numerical methods [4] have 

been developed for defect-free cylinders subject to internal 

pressure, as reviewed by Christopher et al. [5] for thick-walled 

pressure vessels and Zhu and Leis [3] for thin-walled line pipes. 

In order to consider the material plastic flow effect, Zhu and Leis 

[4, 5] developed an average shear stress yielding theory and 

obtained a Zhu-Leis solution of burst pressure for thin-walled 

pipelines. Experimental comparisons [3, 5] showed that the Zhu-

Leis solution is the most accurate prediction of burst pressure for 

defect-free thin-walled pipes. Moreover, Zhu [6] evaluated 

strength criteria and plastic flow criteria used in pressure vessel 

design and analysis. 

The pipeline industry began to investigate the threat posed 

by corrosion in the late 1960s, and the early experimental data 

and analytical results were published in the 1970s [7 - 9].   Full-

scale burst tests were conducted on pipe segments removed from 

service, and burst pressure data were trended as a function of the 

length and depth of corrosion defects for vintage natural gas (NG) 

pipeline steels. The trending function originated in the NG-18 

equations [8 - 9] were developed at Battelle in the early 1970s 

for determining fracture failure of pipelines containing cracks. 

Based on the NG-18 equation for collapse-controlled failure, the 

American Society for Mechanical engineers (ASME) in 

cooperation with the oil & gas industry codified an empirical 

corrosion assessment method in 1984, which was published as 

B31G [10]. To reduce the conservatism, Modified B31G was 

published in 1989 and revised in 2009. 

With advances of steel making technology, both strength 

and toughness of modern pipeline steels have significantly 

improved, and many high-strength pipeline grades, such as X70 

and X80, are being utilized today. Accordingly, over the past 

decades, many improved corrosion assessment models [11] were 

developed for better managing high-strength pipelines. Among 
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them, the ultimate tensile stress (UTS)-based models can 

determine a more accurate remaining strength of corroded 

pipelines, and thus has been accepted by British Standard BS 

7910 [12] and American Standard API 579 [13] for a fitness for 

service (FFS) assessment of pressure vessels. However, ASME 

B31G and Modified B31G remain in use today in the pipeline 

industry, even though these models are conservative. 

Recently, Zhu [14, 15] delivered a review on the primary 

existing corrosion assessment models for metal-loss or corrosion 

defects in pipelines and discussed some practical challenges 

facing the oil and gas industry. Zhu and Wiersma [16] presented 

a recent progress of corrosion assessment model development 

for determining the remaining strength of corroded pipelines, 

including newer plastic flow models and machine learning 

models developed at US DOE Savannah River National 

Laboratory (SRNL). Zhu [17] discussed numerical approaches 

used to predict burst pressure for pipelines with corrosion defects. 

Leis et al. [18] reported numerical results that minimized the 

uncertainty of ASME B31G model. Zhou and Huang [19] 

assessed the errors in the corrosion models. Amaya-Gomez et al. 

[20] analyzed the reliability of the corrosion models, while 

Bhardwaj et al. [21] quantified the uncertainty of burst pressure 

models for corroded pipelines. However, all available corrosion 

models are applicable only to thin-walled pipelines or cylindrical 

pressure vessels. To date, a corrosion assessment model for 

thick-walled pipelines is unavailable. 

To meet this need, the present paper reviews burst pressure 

models for defect-free thin-walled and thick-walled pipelines as 

well as a variety of corrosion assessment models for thin-walled 

pipelines. On this basis, three corrosion assessment models are 

proposed for predicting remaining strength of corroded thick-

walled pipelines in terms of the average shear stress yielding 

theory. A large burst test database is then employed to evaluate 

and validate the proposed corrosion assessment models for 

corroded thick-walled pipelines with a wide range of pipeline 

steel grades. The comparison shows that the proposed corrosion 

models for thick-walled pipes more accurately predict the 

remaining strength for corroded thin-walled and thick-walled 

pipelines. 

 

 

2. BURST MODELS FOR DEFECT-FREE PIPES 

The burst pressure prediction for defect-free pipes is the 

basis to develop corrosion models for assessing corroded 

pipeline integrity [15].  The reference stress of a corrosion model 

is defined by the burst strength of defect-free pipes. This section 

briefly reviews the existing strength and flow models for burst 

pressure of defect-free thin-walled pipes and the newer flow 

models for defect-free thick-walled pipes. 

 

2.1. Strength models for thin-walled pipes 

For defect-free, large diameter thin-walled pipes, four 

strength models [6] of burst pressure were obtained in terms of 

the UTS as well as Tresca , von Mises, Zhu-Leis, and flow stress 

criteria [9]. The Tresca strength (P0), Mises strength (PM0), Zhu-

Leis strength (PA0) and flow strength (Pf0) are determined as: 

1). Tresca strength solution: 

𝑃0 =
2𝑡

𝐷
𝜎𝑢𝑡𝑠  (1) 

2). von Mises strength solution: 

𝑃𝑀0 =
4𝑡

√3𝐷
𝜎𝑢𝑡𝑠  (2) 

3). Zhu-Leis strength solution: 

𝑃𝐴0 =
1

2
(1 +

2

√3
)

2𝑡

𝐷−𝑡
𝜎𝑢𝑡𝑠 (3) 

4). Flow stress-based failure solution: 

𝑃𝑓0 =
2𝑡

𝐷
𝜎𝑓𝑙𝑜𝑤   (4) 

where D (D-t) is the outside (mean) diameter, and t is the wall 

thickness of the pipe. The flow stress flow = (ys+uts)/2, ys is 

the yield stress (YS) and uts is the UTS. Zhu-Leis strength 

solution in Eq. (3) was determined from the average shear stress 

strength theory [5, 6]. Equations (1) to (3) show that the Zhu-

Leis strength solution is the averaged result of Tresca and von 

Mises strength solutions. Tresca solution in Eq. (1) is often 

referred to as Barlow strength in the pipeline industry. 

To evaluate the accuracy of four strength models in Eqs (1) 

to (4), experimental data for burst pressure (Pb) for more than 

100 full-scale tests of thin-walled cylindrical pressure vessels 

made of carbon steel were compared with those predicted from 

the four strength criteria, as shown in Fig. 1. All materials used 

in the experiments are ductile steels, with strain hardening 

exponents, n, that range from 0.02 to 0.18, that represents low 

to high-strength pipeline steels from Grade B to X120.  

 
Figure 1. Comparison of experimental burst pressure data 
and predictions by von Mises, Zhu-Leis, Tresca, and flow 
stress criteria for various pipeline steels [6] 
 

Experimental details and References cited in Fig. 1 were 

described by Zhu and Leis [6]. The points in the figure are 

experimental data, and the lines are burst pressure predictions. 

Three circles indicate three groups of test data. The purple, blue 

and red circles represent test data for low, intermediate, and high 

strength carbon steels, respectively.  Four dashed lines in red, 

green, blue, and yellow denote the burst pressure predictions, by 

the von Mises, Zhu-Leis, Tresca, and flow stress criteria, 

respectively.  This figure shows that (1) von Mises strength 

criterion overestimates burst pressure for all steels, (2) Zhu-Leis 
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strength criterion is good for high-strength steels but 

overestimates burst pressure for low-strength steels, (3) Tresca 

strength criterion adequately predicts burst pressure for 

intermediate-strength steels, and (4) the flow stress criterion 

predicts the most conservative results for all steels.  

Also evident in Fig. 1, the burst pressure decreases with 

increasing strain hardening exponent . Except for the flow stress 

criterion, however, the other three strength solutions did not 

consider the effect of strain hardening on burst pressure. To 

improve these strength solutions, the flow theory of plasticity [4] 

is needed to use for developing more accurate burst pressure 

solutions. 

 

2.2. Flow models for thin-walled pipes 
The Tresca theory and von Mises theory are two classical 

theories of plasticity developed for describing nonlinear plastic 

deformation in a ductile material during loading. They can 

determine two extreme solutions of burst pressure for the same 

pipe. To predict a more accurate burst failure, Zhu and Leis [3, 

4] developed an intermediate multi-axial flow theory of 

plasticity, that is, the average shear stress flow theory or Zhu-

Leis flow theory. For a power-law hardening material, these 

three flow theories of plasticity determines three flow solutions 

of burst pressure that are called Tresca, Zhu-Leis and von Mises 

flow solutions: 

𝑃𝑇 = (
1

2
)
𝑛+1 4𝑡

𝐷−𝑡
𝜎𝑢𝑡𝑠 (5) 

𝑃𝐴 = (
2+√3

4√3
)
𝑛+1

4𝑡

𝐷−𝑡
𝜎𝑢𝑡𝑠 (6) 

𝑃𝑀 = (
1

√3
)
𝑛+1 4𝑡

𝐷−𝑡
𝜎𝑢𝑡𝑠 (7) 

where n is the strain hardening exponent that can be measured 

from a tensile test or estimated from a yield to tensile strength 

(Y/T)  ratio of the material [22]. 

The experimental data of burst pressure shown in Fig. 1 

were reused here to validate the three flow theories, as shown in 

Figure 2. This figure shows that (1) all test data and burst 

pressure predictions are functions of the strain hardening 

exponent n and decrease with an increase in n, (2) von Mises 

flow solution is an upper bound prediction, (3) Tresca flow 

solution is a lower bound prediction, and (4) Zhu-Leis flow 

solution is an intermediate prediction that matches well with the 

burst data on average. Thus, those experiments validated the 

Zhu-Leis flow theory and its associated burst pressure solution 

for defect-free thin-walled pipes.  

Using other full-scale test databases, Seghier et al. [23],  

Zimmermann et al [24], Zhou and Huang [25] and Bony et al. 

[26] all confirmed that the average shear stress yielding criterion 

is the best criterion, and that the Zhu-Leis flow solution is the 

most accurate burst pressure prediction for thin-walled pipes. As 

a result, Zhu-Leis flow theory [6] filled the technical gap 

between the classical Tresca and von Mises theories and 

determined a more accurate burst pressure solution.  

 
Figure 2. Comparison of the flow solutions and experimental 
data for various carbon steels [3] 

 

 

2.3. Flow models for thick-walled pipes 
The flow models of burst pressure discussed above were 

based on the thin-walled shell theory, where axial and hoop 

stresses were assumed to be constant through the wall thickness 

of the pipe, and thus are applicable to thin-walled pipes with D/t 

≥ 20. In practice, there are many heavy-walled line pipes with a 

wall thickness to be large than 20 mm or 40 mm [27], leading to 

D/t < 20. In this case, the thin-walled shell theory becomes 

invalid, and the thick-walled shell theory should be applied, 

where the axial and hoop stresses are not constant through the 

wall thickness, and the wall thickness becomes an important 

factor for pipe design or integrity assessment.  

In order to obtain a burst pressure solution for defect-free 

thick-walled pipes, Zhu et al. [28] recently proposed a two-

parameter based flow stress, and then developed a new strength 

theory that can predict plastic collapse of a metallic pressure 

vessel. On this basis, they obtained the following burst pressure 

solution for defect-free thick-walled cylinders or pipes: 

𝑃𝑏 = 2(
𝐾

2
)
𝑛+1

𝜎𝑢𝑡𝑠𝑙𝑛 (
𝐷0

𝐷𝑖
)  (8) 

where K is a constant that is related to the yield criterion: 

𝐾 =

{
 

 
 

1,             for Tresca yield criterion
2

√3
,      for von Mises yield criterion 

1

2
+

1

√3
,     for Zhu-Leis yield criterion 

   (9) 

and Do/Di is the outside to inside diameter ratio of the pipe. 

Comparing the thick-wall burst solution in Eq. (8) with the 

corresponding thin-wall burst solution in Eqs (5) – (7) shows 

that the reference stresses are the same for the thin-walled and 

thick-walled shell theories, but the geometry terms are different. 

For the thin-walled shell theory, the geometry term is 2t/Dm if 

the mean diameter Dm = D-t is used, or 2t/D if the outside 

diameter is used. For the thick-walled shell theory, the geometry 

term is ln(Do/Di). Figure 3 compares the variation of these three 

geometry terms with the diameter ratio. As evident in this figure, 

the geometry term 2t/Dm is very close to ln(Do/Di) for the 
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diameter ratio up to 1.4 (or D/t = 7), where the error is 

insignificant and less 1.0%, and the error is even smaller and less 

than 0.1% if D/t ≥ 20. Thus, this observation suggests that the 

mean diameter Dm should be used in the thin-walled shell theory, 

and the thin-wall burst pressure solutions can be very accurate if 

D/t ≥ 20, and remain practically accurate if 7 < D/t < 20. In 

contrast to this, if the outside diameter is used, the difference 

between the two geometry terms 2t/D and ln(Do/Di) can be very 

large and increases as the diameter ratio increases. The error is 

less 1% only for very thin-walled pipes with Do/t >100, and 

reaches 5.1% at Do/t = 20. As such, the outside diameter is not 

recommended for use in pipeline design or assessment, but may 

be used to approximate the result for engineering  purposes. 

 

 
Figure 3. Comparison of three geometry terms used in the 
burst pressure solutions for thin and thick-walled pipes 

 

Figure 4 compares the Zhu-Leis burst pressure solutions 

predicted from Eq. (6) and Eq. (8) with the full-scale burst data 

(as shown in Fig. 1 with limited burst data for thick-walled pipes) 

as a function of 𝐷/𝑡. From this figure, it is observed that: 

(1) The newly proposed Zhu-Leis solution of burst pressure for 

thick-walled pipes in Eq. (8) is very accurate and closely 

matches the burst pressure data for all pipes with a wide 

range of D/t ratios, including thin to thick walls.  

(2) For thin-walled pipes with 𝐷/𝑡 > 30, all burst pressures are 

near to or less than 5,000 psi (34.47 MPa). The Zhu-Leis 

burst pressure solution from the thin-walled shell theory is 

very close to that for the thick-walled theory.  

(3) For pipes with intermediate-wall thickness of 7 < 𝐷/𝑡 <
30, all burst pressures are larger than 5,000 psi (34.47 MPa). 

The Dm-based Zhu-Leis solution for thin-walled pipes is 

comparable to Zhu-Leis burst pressure solution for thick-

walled pipes.  

(4) In contrast, the Do-based Zhu-Leis solutions for thin-wall 

pipes are significantly lower than those for the thick-wall 

pipes with D/t < 20. As a result, the Dm-based rather than 

Do-based Zhu-Leis solution should be used generally. 

 
Figure 4. Comparison of predicted and measured burst 
pressures as a function of D/t ratio [28] 

 

 

3. CORROSION MODELS FOR THIN-WALLED PIPES 

Corrosion defects in aging pipelines may have complex 

size, shape, location and orientation. Only axially oriented, 

isolated corrosion defects in pipelines subject to internal 

pressure are considered in this work. Other anomalies and 

loading conditions will not be considered.  

A general expression of burst pressure for a corrosion defect 

in thin-walled pipelines can be expressed as [13, 15]: 

Pb = SR  2t/D × f (defect geometry) (10) 

where SR is a reference stress, 2t/D denotes the geometry term 

for a thin-walled pipe, and f is a function of the defect geometry 

(depth d, length L and width W). In many cases, defect width 

has a minor effect, and f can be simplified as f (d/t, L/(Dt)). 

Absent a defect, Eq. (10) reduces to the burst pressure solution 

for a defect-free pipe, and thus the SR is equal to burst strength 

of the defect-free pipe. 

Based on different definitions of the reference stress, 

existing corrosion assessment models can be categorized into 

three generations [15]. Examples of each are presented next. 

 

3.1. The first-generation models (1960s – 1980s) 
The first-generation models were developed empirically 

from full-scale tests in the 1960s to 1980s with SR= flow stress. 

3.1.1. ASME B31G 
Based on full-scale burst test data obtained in the early 

1970s for pipeline steels up to X65, Maxey et al. [8-9] developed 

semi-empirical equations (i.e., NG-18 equations) to predict burst 

pressure of pipelines with cracks. On this basis, a corrosion 

assessment method was codified by ASME in 1984 and 

published as B31G [10]. For actual short corrosion defects, the 

corroded area was assumed to be parabolic in shape with a 

curved bottom, and burst pressure of the corroded thin-walled 

pipeline was determined as: 
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𝑝𝑏 =
2𝑡𝜎𝑓

𝐷
[
1−(2/3)(𝑑/𝑡)

1−(2/3)(𝑑/𝑡)/𝑀
],       for 𝐿 ≤ √20𝐷𝑡 (11) 

where the defect depth is limited to 80% of t, or d/t ≤ 0.8. 

For long corrosion defects, corrosion shape was simplified 

to be a rectangle with a flat bottom, and so Eq. (11) becomes:   

𝑝𝑏 =
2𝑡𝜎𝑓

𝐷
[1 −

𝑑

𝑡
],                    for 𝐿 > √20𝐷𝑡 (12) 

In the equations above, the flow stress 𝜎𝑓 = 1.1 SMYS, where 

SMYS is the specified minimum yield stress, and M is a Folia’s 

bulging factor [29] and expressed as: 

𝑀 = √1 + 0.8 (
𝐿

√𝐷𝑡
)
2

 (13) 

Note that the ASME B31G model was calibrated with 

vintage pipeline grades up to X65, and thus may be inadequate 

to use for modern pipeline steels like X80 or X100. 

3.1.2. Modified B31G (0.85 dL) 
Applications showed that ASME B31G model can be overly 

conservative [30], and thus a modified B31G was proposed by 

PRCI through a series of full-scale burst tests [31]. Then, the 

burst pressure was modified as: 

𝑝𝑏 =
2𝑡𝜎𝑓

𝐷
[
1−0.85(𝑑/𝑡)

1−0.85(𝑑/𝑡)/𝑀
] (14) 

where the defect depth is limited to 80% of t or d/t ≤ 0.8, the 

flow stress was redefined as 𝜎𝑓 = 𝑆𝑀𝑌𝑆 + 69 (𝑀𝑃𝑎), and the 

bulging factor M was modified as: 

𝑀 = √1 + 0.6275(
𝐿

√𝐷𝑡
)
2
− 0.003375 (

𝐿

√𝐷𝑡
)
4
,  if 𝐿 ≤ √50𝐷𝑡 (15a) 

𝑀 = 3.3 + 0.032(
𝐿

√𝐷𝑡
)
2
,                                 if 𝐿 > √50𝐷𝑡 (15b) 

Note that the 0.85 factor used in Modified B31G reduces the 

model conservatism. The Modified B31G model was accepted 

in the newer edition of ASME B31G-2009 [10] and in Level-1 

procedure of API 579-2016 [13].  

 

3.1.3. PRCI RSTRENG (effective area model) 
A more realistic corrosion defect has a river bottom profile.  

Kiefner and Vieth [32] proposed an effective area method to 

improve the estimate the remaining strength:  

𝑃𝑏 =
2𝑡𝜎𝑓

𝐷
[
1−𝐴𝑑/𝐴0

1−𝐴𝑑/𝐴0𝑀
] (16) 

where the flow stress and the bulging factor are the same as 

defined for Modified B31G, Ad denotes the effective area of a 

complex corrosion defect profile, and A0 = tL is the axial cross-

section area of the defect. This model calculates a more accurate 

corroded area using the discrete approach, and thus a more 

accurate burst pressure for a real corrosion defect. A computer 

code RSTRENG [32] was also developed to predict more 

accurate burst pressure results for corroded pipes. This effective 

area model was adopted in Level-2 procedure of ASME B31G 

[10] and API 579 [13]. 

For a flat-bottomed corrosion , Eq. (16) becomes: 

𝑃𝑏 =
2𝑡𝜎𝑓

𝐷
[
1−(𝑑/𝑡)

1−(𝑑/𝑡)/𝑀
] (17) 

If a corrosion defect is long enough, 1/M approaches zero 

and Eq. (17) reduces to Eq. (12).  In 1992, Richie and Last [38] 

adapted Eq. (17) as a corrosion acceptance criterion, that is, 

Shell-92 model, which used a flow stress 𝜎𝑓 = 0.9𝜎𝑢𝑡𝑠. On this 

basis, Canadian standard SCA Z662 [34] was developed. 

 

3.1.4. Comparison of the first-generation models 
Figures 5(a) and 5(b) compares the first-generation models 

discussed above for a corrosion defect with depth of d/t = 0.5 and 

for two pipeline steels X52 and Gr. B, where the burst pressure 

Pb is normalized by the Barlow strength P0 in Eq. (1). In these 

figures, five models are compared: ASME B31G, Mod B31G, 

RSTRENG, Shell-92 and CSA Z662. The models utilized SMYS 

and the specified minimum tensile stress (SMTS).  

(a) 

 

(b) 

 
Figure 5. Comparison of the first-generation corrosion 
models for (a) X52, and (b) Gr. B 

 

For X52, Fig. 5(a) shows that Mod B31G predicts the 

highest result for all defect lengths; CSA Z662 and Shell-92 are 

identical with predictions slightly lower than the RSTRENG 

results; and B31G predicts a comparable result to Mod B31G for 

a short corrosion defect, but the lowest result for a long corrosion 

defect.  For Gr. B, Fig. 5(b) shows that the Shell-92 model 

0.0

0.2

0.4

0.6

0.8

1.0

0 2 4 6 8 10 12

P
b

/ 
P

0

L / (Dt)^0.5

ASME B31G

Mod B31G

RSTRENG

CSA Z662/Shell-92

X52, d/t =0.5

0.0

0.2

0.4

0.6

0.8

1.0

0 2 4 6 8 10 12

P
b

/ 
P

0

L / (Dt)^0.5

ASME B31G

Mod B31G

RSTRENG

CSA Z662

Shell-92

GrB, d/t =0.5



  
  

6 

predicts the highest result over the entire defect length, and it is 

followed in order by Mod B31G, RSTRENG, and CSA Z662 

models. ASME B31G model may predict comparable results to 

RSTRENG for short corrosion defects, but the lowest result for 

a long corrosion defect. 

 

3.2. The second-generation models (1990s-2000s) 
The second-generation corrosion models were developed 

numerically from finite element analysis (FEA) and simulation 

in the 1990s to 2000s with SR = UTS. 

3.2.1. LPC model 
Based on a series of elastic-plastic FEA results and burst test 

data for X65 corroded pipes, a line pipe corrosion (LPC) model 

was developed at British Gas in 1995 [35-36] for determining 

burst pressure of corroded thin-walled pipes: 

𝑃𝑏 =
2𝑡𝜎𝑢𝑡𝑠

𝐷−𝑡
[
1−𝑑/𝑡

1−𝑑/𝑄𝑡
] (18) 

where uts is the UTS, and Q is a curve-fit bulging factor from 

the FEA results: 

𝑄 = √1 + 0.31 (
𝐿

√𝐷𝑡
)
2

 (19) 

The LPC criterion was adopted into DNV RP-F-101 [37] in 

1999 with SR = 0.9UTS and statistical factors, and then adopted 

in BS7910-1999 [12] with SR = (ys+uts)/2.  

3.2.2. PCORRC model 
In parallel to the LPC development, a pipeline corrosion 

criterion (PCORRC) was developed at Battelle in 1997 [38-39]: 

𝑃𝑏 =
2𝑡𝜎𝑢𝑡𝑠

𝐷
[1 −

𝑑

𝑡
(1 − 𝑒𝑥𝑝( − 0.157

𝐿

√𝐷(𝑡−𝑑)/2
))] (20) 

For a very long corrosion defect, Equation (20) reduce to a 

simple equation: 

𝑝𝑏 =
2𝑡𝜎𝑢𝑡𝑠

𝐷
[1 −

𝑑

𝑡
] (21) 

If a defect is absent, Eq. (21) reduces to Eq. (1), that is, the 

Barlow strength for defect-free pipes.  

Based on full-scale burst test data and FEA results for X70 

corroded pipes, Yeom et al. [40] recalibrated the PCORRC 

model in 2015 with a factor 0.224 to replace 0.157 and a 

reference stress of 0.9UTS to replace UTS. In 2003, Choi et al. 

[41] developed another corrosion burst model based on their 

full-scale tests and FEA results for X65 corroded pipes. 

 

3.2.3. Comparison of the second-generation models 
Figure 6 compares the second-generation models discussed 

above for a flat defect with a depth of d/t=0.5 in X65 pipeline, 

where the material properties were assumed to be the SMYS and 

SMTS. In this figure, six models are compared: LPC (DNV), 

BS7910, PCORRC, Choie (2003), and Reformulated PCORRC 

by Yeom (2015).  For comparison, RSTRENG and CSA Z662 

are also included in Fig. 6. This figure shows that 1) LPC and 

PCORRC predict comparable results, 2) BS7910 and RSTRENG 

predict similar results that are lower than those by LPC, 3) CSA 

Z662 and Yeom (2015) predict comparable results that are lower 

than RSTRENG predictions, and 4) Choi (2003) and Yeom 

(2015) are comparable for short defects and become nearly 

identical to be the lower bound for long defects. 

 
Figure 6. Comparison of the 2nd-G corrosion models for X65 

 

3.3. The third-generation models (2000 to present) 
The third-generation models considered the material strain 

hardening effect. These models are still being developed. The 

reference stress of these models is a function of UTS and n, that 

is, SR=f (UTS, n). Recently, Zhu [15] assessed seven third-

generation models, and three of the most accurate are considered 

in this section. 

 
3.3.1. Modified PCORRC model with Zhu-Leis flow solution 

In 2018, Zhu [42] modified the PCORRC model with use of 

the Zhu-Leis flow solution in Eq. (6) for defect-free pipes to 

define the reference stress. The defect geometry function was 

assumed unchanged for corrosion defects with flat bottoms. The 

Mod-PCORRC model was expressed as: 

𝑝𝑏 = (
2+√3

4√3
)
𝑛+1

4𝑡𝜎𝑢𝑡𝑠

𝐷
× (1 −

𝑑

𝑡
(1 − 𝑒𝑥𝑝 (−

0.157𝐿

√𝐷(𝑡−𝑑)/2
))) (22) 

 

3.3.2. Modified LPC model with Zhu-Leis flow solution 
In 2021, Zhu [15] further modified the LPC model with use 

of the Zhu-Leis flow solution in Eq. (6) for defect-free pipes to 

define the reference stress. The defect geometry function was 

also assumed unchanged for corrosion defects with flat bottoms. 

The Mod-PCORRC model was expressed as: 

𝑝𝑏 = (
2+√3

4√3
)
𝑛+1

4𝑡𝜎𝑢𝑡𝑠

𝐷−𝑡
[
1−𝑑/𝑡

1−𝑑/𝑄𝑡
] (23) 

 

3.3.3. A polynomial corrosion model 
In 2015, Zhu [17] developed a new corrosion model that is 

different from any existing model. The reference stress was 

defined from the Zhu-Leis solution in Eq. (6) for defect-free 

pipes, and the defect geometry term determined from FEA 
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results contains a polynomial that is easier for engineers to apply. 

This polynomial corrosion model was expressed as: 

𝑃𝑏 = (
2+√3

4√3
)
𝑛+1

4𝑡𝜎𝑢𝑡𝑠

𝐷
[1 −

𝑑

𝑡
(1 −

1

𝑔(
𝐿

√𝐷𝑡
)
)]  (24) 

 

where g is a polynomial function with a degree of 2: 

𝑔 = 1 + 0.1385
𝐿

√𝐷𝑡
+ 0.1357 (

𝐿

√𝐷𝑡
)
2

  (25) 

 

3.3.4. Validation of the third-generation models 
Those third-generation corrosion models may be evaluated 

using a set of reliable full-scale test (FST) data for machined 

defects with flat bottoms in a Korean X65 pipeline steel [43]. 

The burst pressure data were reported for six defects with a fixed 

uniform depth of d/t = 0.5 and six lengths of L = 50, 100, 200, 

300, 600, and 900 mm. The pipe diameter is 762 mm (30 in.) and 

the wall thickness is 17.5 mm (0.69 in.). The actual YS and UTS 

of the X65 pipe are 495 MPa and 565 MPa. Figure 7 compares 

the burst pressure predictions from the three third-generation 

models with the test data for machined defects in the X65 pipe, 

where all burst pressures are normalized by the mean diameter-

based Barlow strength P0. 

 

 
Figure 7. Comparison of 3rd-generation corrosion model 
predictions with burst test data 

 

Also included in Fig. 7 are burst pressure predictions from 

the LPC, PCCORC, and another third-generation model 

proposed by Ma et al. [44] in 2013. This figure shows that all 

those models predict comparable results that closely match the 

burst test data for all defects in consideration. However, further 

observation indicates that (1) PCORRC is slightly conservative 

for all defects, (2) LPC is conservative for short defects, (3) Ma-

2013 is conservative for short defects and slightly non-

conservative for long defects, (4) Mod-LPC is accurate for short 

defects and slightly non-conservative for long defects, and (5) 

Zhu-2015 and Mod-PCORRC are nearly identical to each other 

and the most accurate in comparison to the FST data. Moreover, 

using a large number of full-scale burst test data, Ma et al. [44] 

showed their model is accurate for mid to high strength steels, 

but less accurate for low-strength steels.   

Recently, after experimental comparison and statistical 

analysis, Amaya-Gomez et al. [20] confirmed that Ma-2103 is 

inaccurate for low-strength steels, and Zhu-2015 polynomial 

model is more accurate to predict burst pressure for corroded 

pipelines, particularly for mid to high-strength steels. Using the 

PRCI full-scale burst test database for machined defects with flat 

bottoms, Leis [45] demonstrated that the Mod-PCORRC model 

in Eq. (22) is more accurate in predicting the remaining strength 

of corroded pipelines for a wide range of grades. 

 

 
4. CORROSION MODELS FOR THICK-WALLED PIPES 

4.1. Developing corrosion models for thick-walled pipes 

A corrosion model for a thick-walled pipe is proposed by 

combining the reference stress for defect-free thick-walled pipes 

and the defect geometry function for corroded thin-walled pipes. 

It is similar to Eq. (10) in Section 3 that a general expression of 

burst pressure for a corrosion defect in a thick-walled pipeline 

can be expressed as follows: 

Pb = SR  𝑙𝑛 (
𝐷𝑜

𝐷𝑖
)× f (defect geometry) (26) 

In the above equation, the SR is the burst strength for defect-

free pipes in terms of the Zhu-Leis flow theory, that is: 

𝑆𝑅 = 2 (
2+√3

4√3
)
𝑛+1

𝜎𝑢𝑡𝑠 (27) 

In fact, the SR may be considered as a two-parameter (UTS and 

n) flow stress of the pipeline steel, which is independent of the 

pipe or defect geometry. In the absence of a defect, the defect 

geometry function, f, is 1, and Eq. (26) reduces to Eq. (8) as the 

Zhu-Leis flow solution for defect-free thick-walled pipes. 

For a corrosion defect in a thick-walled pipe, it is assumed 

that the defect geometry function of a corrosion model for a 

thick-walled pipe is approximately the same as that for a thin-

walled pipe. Thus, three corrosion models discussed in Section 

3.3, including Mod-PCORRC model in Eq. (22), Mod-LPC 

model in Eq. (23), and the polynomial model in Eq. (24) are 

adapted as new corrosion models for thick-walled pipes: 

𝑝𝑏 = 2(
2+√3

4√3
)
𝑛+1

𝜎𝑢𝑡𝑠𝑙𝑛 (
𝐷0

𝐷𝑖
) (1 −

𝑑

𝑡
(1 − 𝑒𝑥𝑝 (−

0.157𝐿

√𝐷(𝑡−𝑑)/2
))) (28) 

 

𝑝𝑏 = 2(
2+√3

4√3
)
𝑛+1

𝜎𝑢𝑡𝑠𝑙𝑛 (
𝐷0

𝐷𝑖
) [

1−𝑑/𝑡

1−𝑑/𝑄𝑡
] (29) 

 

𝑃𝑏 = 2(
2+√3

4√3
)
𝑛+1

𝜎𝑢𝑡𝑠𝑙𝑛 (
𝐷0

𝐷𝑖
) (1 −

𝑡

𝐷
) [1 −

𝑑

𝑡
(1 −

1

𝑔(
𝐿

√𝐷𝑡
)
)] (30) 

These corrosion models are applicable to thick-walled pipes 

and should have a higher degree of accuracy than the thin-wall 

corrosion models in Eqs (22), (23) and (24), as discussed next. 

 

0.4

0.6

0.8

1.0

1.2

0 2 4 6 8 10 12

P
b

/ 
P

0

L / (Dt)^0.5

PCORRC M-PCORRC

Ma-2013 Zhu-2015

LPC M-LPC

FST Data

X65, d/t =0.5



  
  

8 

4.2. Experimental validation of thick-wall models 
A large burst test database [45] containing 80 full-scale 

burst tests are employed here to evaluate and then validate the 

proposed corrosion models for thick-walled pipes. The full-scale 

burst tests involves machined defect features with flat bottoms 

in pipeline steels with grades of X46, X52, X60, X65, X70, X80, 

and X100. The tested pipe diameters ranged from 8.63 to 52 

inches (219 to 1321 mm), with wall thicknesses that ranged from 

0.233 to 1.0 inches (5.92 to 25.4 mm). Thus, the D/t ratios ranged 

from 8.6 to 81.8. Among these pipes, seven of them have small 

diameters and heavy walls, resulting in D/t  9. Many of these 

burst tests considered a large range of defect depths and lengths, 

some metal loss defects were quite wide in comparison to their 

length. 

For the convenience of comparison, the proposed corrosion 

models in Eqs (28), (29) and (3) are referred hereafter to as 

SRNL-PCORRC, SRNL-LPC and SRNL-Polynomial models. 

Since the burst test reports did not provide the values of strain 

hardening exponent n for the tested pipeline steels, all n values 

are estimated from an approximate equation using the yield to 

tensile strength (Y/T) ratio of the material [22]. Note that the 

estimated n values may cause certain errors in burst pressure 

predictions from Eqs (28) to (30). 

 

4.2.1. Validating SRNL-PCORRC model 
Figure 8(a) directly compares the burst pressure prediction 

from the PCORRC and SRNL-PCORRC models with the full-

scale burst test data and Figure 8(b) compares the predicted to 

measured burst pressure ratio varied with the defect depth d/t 

ratio. Also included in these two figures are the burst pressure 

predictions from ASME B31G and Modified B31G. In Fig. 8(a), 

there are seven test data points with measured burst pressures 

larger than 10 ksi (68.95 MPa), and those test data were obtained 

for the small diameter,  heavy-walled pipes with D/t  9. From 

the comparisons in these two figures, the following observations 

are made: 

(1) B31G model generally predicts the most conservative burst 

pressure for almost all thick and thin-walled pipes, except 

for very deep defects with a d/t ratio close to 0.8. However, 

there are cases for which the B31G model overestimates 

burst pressure and leads to nonconservative predictions. 

(2) Modified B31G improves B31G predictions for most tests 

and reduces the conservatism. However, it can also predict 

nonconservative results for some tests. 

(3) The PCORRC model significantly improves both the B31G 

and the Modified B31G models and predicts more accurate 

burst pressures for thin-walled pipes on average. However, 

it considerably underestimates the burst pressures for thick-

walled pipes.  

(4) The SRNL-PCORRC model further improves the PCORRC 

model and predicts more accurate burst pressures for both 

thin and thick-walled pipes with corrosion defects. 

(5) All models are inaccurate for deep defects at d/t  0.8. 

 

(a) 

 
 

(b) 

 
Figure 8. Comparison of PCORRC and SRNL-PCORRC 
model predictions with experimental burst data: (a) 
direct comparison, and (b) the pressure ratio as a 
function of d/t 
 

 

4.2.2. Validating SRNL-LPC model 
Figure 9(a) directly compares the burst pressure prediction 

from the LPC and SRNL-LPC models with the full-scale burst 

test data, while Figure 9(b) compares the predicted to measured 

burst pressure ratio varied with the defect depth d/t ratio. Also 

included in these two figures are the burst pressure predictions 

of ASME B31G and Modified B31G. From the comparisons in 

these two figures, the same observations made in Section 4.2.1 

on the B31G and Modified B31G models are unchanged here, 

and the other  observations are: 

(1) The LPC model significantly improves both B31G and 

Modified B31G models and can predict more accurate burst 

pressures for both thin and thick-walled pipes. However, it 

can overestimate burst pressures for deep defects at d/t0.8.  
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(2) The SRNL-LPC model further improves LPC model and 

predicts improved results for thin and thick-walled pipes. 

(3) All models are inaccurate for deep defects at d/t  0.8. 

 

(a) 

 
 

(b) 

 

Figure 9. Comparison of LPC and SRNL-LPC model 
predictions with experimental burst data: (a) direct 
comparison, and (b) the pressure ratio as a function of 
d/t 
 

4.2.3 Validating SRNL-Polynomial model 
Figure 10(a) directly compares the burst pressure prediction 

from the PCORRC and SRNL-Polynomial models with the full-

scale burst test data, while Figure 10(b) compares the predicted 

to measured burst pressure ratio varied with the defect depth d/t 

ratio. Also included in these two figures are the burst pressure 

predictions of ASME B31G and Modified B31G. From the 

comparisons in these two figures, the same observations made in 

Section 4.2.1 on the B31G, Modified B31G and PCORRC 

models are unchanged, and the other  observations are: 

(1) The SRNL-Polynomial model improves PCORRC results 

for both thin and thick-walled pipes. 

(2) All models are inaccurate for deep defects at d/t  0.8. 

 

(a) 

 
 

(b) 

 

Figure 10. Comparison of PCORRC and SRNL-
Polynomial model predictions with experimental burst 
data: (a) direct comparison, and (b) the pressure ratio 
as a function of d/t 
 

4.2.4. Comparison of statistical model errors 
In reference to the predicted to measured pressure ratio, 

statistical measures of variability for all prediction models were 

calculated, as listed in Table 1, including mean, standard error, 

and coefficient of variation (COV).  It is clear form Table 1 that 

(1) B31G and Mod B31G have a large bias and a large 

uncertainty as quantified by COV, (2) LPC has a less bias and a 

small uncertainty than PCORRC, (3) SRNL-PCORRC has a 

slightly smaller bias and uncertainty than PCORRC, (4) SRNL-

LPC has the least bias, and (5) SRNL-Polynomial has a reduced 

bias and uncertainty compared to B31G and Modified B31G.  
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 Table 1. Statistical model errors 

Model Eq. Mean Std err COV(%) 

ASME B31G (11) 0.822 0.200 24.3 

Mod B31G (14) 0.896 0.163 18.2 

PCORRC (20) 0.978 0.079 8.0 

SRNL-PCORRC (28) 1.020 0.079 7.8 

LPC (18) 0.988 0.063 6.9 

SRNL-LPC (29) 0.999 0.073 7.4 

SRNL-Polynomial (30) 1.084 0.146 13.4 

 

Coupling the statistical results in Table 1 with the 

observations made in Sections 4.2.1 to 4.2.3, it is recommended 

that (1) LPC and PCORRC may be used to predict an accurate 

burst pressure for thin-walled pipes with corrosion defects of d/t 

< 0.8, (2) SRNL-LPC is slightly more accurate than SRNL-

PCORRC, and both models predict comparable results for thick-

walled pipes with corrosion defects of d/t < 0.8, and (3) SRNL-

Polynomial can predict a more accurate burst pressure for thick-

walled pipes with corrosion defects of d/t < 0.7. 

 

5. CONCLUSIONS 
This paper briefly reviewed the typical burst pressure 

models for defect-free thin-walled and thick-walled pipelines as 

well as examples of corrosion assessment models for corroded 

thin-walled pipelines. On this basis, three corrosion assessment 

models were developed for predicting remaining strength of 

corroded thick-walled pipelines in terms of the average shear 

stress yielding theory (i.e., Zhu-Leis theory). Subsequently, a 

large burst test database, with a wide range of pipeline steels, 

was utilized to evaluate the proposed corrosion assessment 

models for corroded thick-walled pipelines with a wide range of 

pipeline grades. Comparisons indicate that the proposed 

corrosion models for thick-walled pipes can predict more 

accurate remaining strength for corroded thin-walled and thick-

walled pipelines. As a result, the proposed corrosion assessment 

models were validated by the full-scale test data. 

From the statistical error analysis, it is recommended that: 

(1) Both LPC and PCORRC models can be used to predict 

accurate burst pressure for thin-walled pipes with corrosion 

defects of d/t < 0.8. 

(2) SRNL-LPC model is slightly more accurate than SRNL-

PCORRC model, and both models predict comparable results 

for thick-walled pipes with corrosion defects of d/t < 0.8. 

(3) SRNL-Polynomial can predict more accurate burst pressure 

for thick-walled pipes with corrosion defects of d/t < 0.7. 
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