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ABSTRACT  

Accurate prediction of the burst pressure of a pipeline is critical for pipeline design and 

safe operation. It is usually achieved by using analytical and empirical formulae derived 

from theoretical, numerical and experimental methods. 

This study was carried out to develop a new methodology to predict the burst pressure 

for API 5L X grade flawless pipelines. The newly proposed methodology has been 

developed using finite element analysis, employing a bilinear material model using the 

tangent modulus approach. In this approach, the strain at ultimate tensile strength has 

been derived from analysis of API 5L X grade material coupon test data. 

A comprehensive nonlinear finite element parametric study was conducted with this 

bilinear material model. The results were used to derive an empirical formula for 

estimating the burst pressure of API 5L X grade flawless pipelines. It was found that the 

best agreement was achieved between the burst pressure calculated by the proposed 

formula and the burst test results. Therefore, it can be concluded that the burst pressure 

prediction empirical formula derived by following the proposed methodology can 

calculate an accurate burst pressure for the API 5L X grade flawless pipelines.  
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1. Introduction 

The burst pressure of a pipeline refers to the internal pressure that causes a pipe to burst 

or fracture. Accurate prediction of the burst pressure is critical for pipeline design and 

safe operation. It is usually achieved by using analytical and empirical formulae derived 

from theoretical, numerical and experimental methods. 

The existing formulae to predict the burst pressure of flawless cylindrical vessels are 

listed in Table 1. The formulae are categorized into three different types according to the 

failure criterion used. The first sets of formulae use the Tresca criterion, which is defined 

as the occurrence of yielding when the maximum shear stress at any point reaches a 

maximum allowable shear stress. In this criterion, the maximum shear stress is calculated 

as half the difference between the maximum and minimum principal stresses. The Tresca 

based failure criteria include Law and Bowie (2007), ASME (1962), Barlow OD, ID or 

Flow (1836), Bailey-Nadai (1930), Fletcher (2003), Turner (1910), Stewart et al.(1) 

(1994), DNV (2013) and Max. Shear Stress (Christopher et al., 2002). 

The second group of formulae are based on the von Mises criterion which assumes that 

failure takes place when the maximum distortion energy reaches the failure limit equal to 

the distortion energy required to cause yield in a tensile test. Amongst this group there 

are nine sets of formulae, i.e. Bohm (1972), Faupel (1956), Marin and Rimrott (1958), 

Marin and Sharma (1958), Soderberg (1941), Svensson (1958) and Stewart et al.(2) 

(1994), Nadai (1931) and Nadai (1963). 

The final group of formulae applies the average shear stress criterion, which defines 

failure as the point when the average shear stress reaches the allowable average shear 

stress. The allowable average shear stress is calculated using the average of the maximum 

shear stress and the von Mises equivalent shear stress, as proposed by Zhu and Leis (2005; 
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2007; 2010; 2012). 

Table 1 Existing analytical solutions to estimate the burst pressure. 

Tresca Criterion Category 

ASME 
(1962) 𝑃 𝜎

𝑘 1
0.6𝑘 0.4

 DNV (2013) 𝑃
2𝑡

𝐷 𝑡
𝑓

2

√3
 

Barlow OD 
(1836) 𝑃 𝜎

2𝑡
𝐷

 
Fletcher 
(2003) 

𝑃
2𝑡𝜎

𝐷 1
𝜀

2
 

Barlow ID 
(1836) 

𝑃 𝜎
2𝑡
𝐷

 
Max. Shear 
Stress 
(2002) 

𝑃 2𝜎
𝑘 1
𝑘 1

 

Barlow Flow 
(1836) 

𝑃 𝜎
2𝑡
𝐷

 
Turner 
(1910) 𝑃 𝜎 ln 𝑘  

Bailey-Nadai 
(1930) 𝑃

𝜎
2𝑛

1
1

𝑘
 

Stewart et 
al.(1) (1994) 

𝑃
𝑡

2
𝜎
𝐷

 

von-Mises Criterion Category 

Bohm (1972) 𝑃 𝜎
0.25

0.227 𝑛
𝑒
𝑛

2𝑡
𝐷

1
𝑡

𝐷
  

Faupel 
(1956) 

𝑃
2

√3
𝜎 2

𝜎
𝜎

ln 𝑘  
Nadai 
(1963) 

𝑃
𝜎

√3𝑛
1

1
𝑘

 

Marin and 
Rimrott 
(1958) 

𝑃
2

√3

𝜎
1 𝜀

ln 𝑘  
Soderberg 
(1941) 

𝑃
4

√3
𝜎

𝑘 1
𝑘 1

 

Marin and 
Sharma 
(1958) 

𝑃
4𝑡

√3

𝜎
𝐷

 Svensson 
(1958) 

𝑃

𝜎
0.25

0.227 𝑛
𝑒
𝑛

ln 𝑘  

Nadai (1931) 𝑃
2

√3
𝜎 ln 𝑘  

Stewart et 
al.(2) (1994) 

𝑃
4𝑡

√3

𝜎
𝐷

 

Average Shear Stress Yield Criterion Category 

Zhu and Leis 
(2006) 𝑃

2 √3

4√3

4𝑡𝜎
𝐷

 
Zhu and 
Leis (2007) 𝑃

2 √3

4√3

4𝑡𝜎
𝐷

 

Where   

𝑃  : Burst Pressure t: pipe wall thickness 𝜀 : 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑡 𝑈𝑇𝑆  

Di, D, Dave: Pipe inner, outer and 

average diameter, respectively 

σyield , σUTS: yield and ultimate tensile 

strength of pipe material, respectively 
𝑞 1 0.239

1
𝑌𝑇

1
.

 

𝑘  , only for ASME: k<1.5) 𝑓 Min. 𝜎 ;
𝜎
1.15

 YT
𝜎
𝜎

 

𝜎
𝜎 𝜎

2
 𝑛 𝑙𝑛 1 𝜀  e = Euler’s number  

Zhu and Leis (2007; 2012) compared the burst pressures predicted by all of the formulae 

in Table 1 with experimental burst tests results for pipelines. The results showed that there 

are discrepancies between the burst pressure calculated by equations, this is because most 
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of these formulae were developed from either simple theoretical methods or empirical fits 

to a limited set of experimental data for the specific material considered. In other words, 

it is not straightforward to get a single formula that was accurately able to predict the 

burst pressure over the range of the tests performed. 

Therefore, in order to be able to define or develop an accurate formula for burst pressure 

over a range of pipeline geometries and materials, a large and representative set of 

experimental data is required. However, pipeline burst experiments can be expensive and 

time consuming to conduct. Therefore, researchers use numerical methods to determine 

the burst pressure of pipelines; the most commonly used of which is nonlinear Finite 

Element Analysis (FEA). When performing nonlinear FEA to determine the burst 

pressure of pipelines, it is necessary to define the limit load criterion. A review of the 

literature has indicated that there are a number of different limit load criteria employed in 

FEA analysis and these are described in the following section.  

The development of the empirical formula to predict the burst pressure of flawless 

pipelines was conducted by following the procedure illustrated in Figure 1.  

 

Figure 1 Procedure for the development of the empirical formula to predict the burst 
pressure of flawless pipelines. 

1.1 Review of Limit Load Criteria 
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The differences between the reviewed limit load criteria are illustrated on schematic 

loading plots presented in Figures 2 (a-d).   

 
(a)                                                                    (b) 

       
(c)                                                                 (d) 

Figure 2 Criteria for limit load estimation: (a) tangent intersection and strain based 
criteria, (b) elastic slope and deformation based criteria, (c) zero curvature criterion with 
non-zero tangent value at the inflection point, (d) Zero curvature criterion with tangent 
value at the inflection point.  

Figure 2(a) presents the strain-based criterion. In the 1% plastic strain criterion (Figure 

2(a)), proposed by Townley et al. (1971), the limit load is defined as the load that induces 

a plastic strain of 1% in the material. Save (1972) suggested the tangent intersection 

criterion i.e. the limit is represented by the load at the intersection between tangents of 

the elastic and plastic parts of the loading-deformation curve. The limit load in the thrice 

δ criterion (Schroeder, 1985) is defined as the load where its deformation reaches three 

times the tangent intersection load proposed by Save (1972). 

Several criteria are included in ASME codes (1971; 1974; 1986). They are the 0.2% offset 
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strain, twice elastic deformation and twice elastic slope criterion. The limit load for the 

0.2% offset strain criterion is given by the load corresponding to the intersection of the 

line parallel to the elastic slope at the plastic strain of 0.2% and the stress-strain curve as 

shown in Figure 2 (a). The twice elastic deformation criterion defines the limit load as 

the load at the point where the magnitude of the deformation is twice the elastic 

deformation at yield whilst the load at the intersection point between the twice elastic 

slope line and the load-deformation curve is defined  as the limit load in the twice elastic 

slope criterion as shown in Figure 2 (b).  The triple elastic slope criterion defined by 

Demir and Drucker (1963) is similar to the twice elastic slope criterion but with the limit 

load defined at three times of the elastic slope at yield. Based on a similar concept, 

Kirkwood (1986; 1989) proposed a five times elastic slope criterion whilst a fifteen times 

elastic slope criterion was defined by Lynch and Moffat (2000) as shown in Figure 2 (b). 

It can be seen in Figure 2 (c) and (d) that there are two methods proposed as part of the 

zero curvature criterion (Zhang et al., 1989). If the tangent value at the inflection point is 

not zero as shown in Figure 2 (c), the limit load is determined according to the tangent 

intersection criterion. When the tangent value at the inflection point is zero as shown in 

Figure 2 (d), the limit load is the load corresponding to the inflection point on the load-

deformation curve. 

The afore mentioned limit load criteria were assessed by Chen et al. (2016) by performing 

nonlinear FEA on a pressure vessel using an elastic perfectly plastic material model. The 

predictions using the different failure criteria outlined above were compared with the 

experimental burst test results. It was found that, in the majority of cases, the burst 

pressure was overestimated by the limit load predictions. In addition, it is observed from 

the current work that some complicated post-processing work, such as locating an 
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intersection point, is required for most of these criteria in order to find the limit load.  

1.2 Definition of the Limit Load Criteria 

As a result of the review of the literature, it can be concluded that in order to be able to 

develop an empirical formula for predicting burst pressures of pipelines using numerical 

techniques, such as FEA, an objective method for determining the limit load is required. 

Therefore, the criterion is defined as the pressure that corresponds to be a point when the 

maximum von Mises equivalent stress reaches the ultimate tensile strength (UTS). The 

reason for selecting just one node and using the UTS of the material to define the burst 

pressure is to reflect the conservative approach, and the practical approach considering 

strain-hardening effects.  

1.3 Objectives  

One of the purposes of this research is to present an empirical formula to estimate the 

strain at UTS for determining a bilinear material model. The proposed formula for the 

strain at UTS takes into account strain hardening effects as the ratio of the yield strength 

to the ultimate tensile strength; this ratio is a characteristic of the strain hardening 

(Norman, 2013). 

The other aim of this research is to develop an empirical formula to predict the burst 

pressure for flawless pipelines. The burst pressure prediction formula was derived from 

the results by the nonlinear FEA with the tangent modulus defined by the use of the 

calculated strain at UTS.  

2. Development of an Empirical Formula to Estimate the Strain at UTS 

In this research, a procedure for deriving an empirical formula to estimate the strain at 
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UTS has been developed and is described in Figure 3.  

 

Figure 3 Flow of the methodology for the development of the empirical formula to 
estimate the strain at UTS of pipelines. 

The selection of an appropriate material model, i.e. stress-strain curve, is critical if 

reliable and accurate nonlinear FEA results are to be obtained. Ideally, an actual stress-

strain curve derived from a tensile test of the material being represented by the model 

should be used. However, this information may not be available at the early design stage 

and it may be expensive and time consuming to perform a material coupon test from the 

actual component. In practice, the bilinear material model or elastic-perfectly plastic 

material model are generally assumed in nonlinear FEA. In both models, two linear lines 

represent the elastic region and the plastic region. The slopes of the lines are known as 

the Young’s modulus (E) and tangent modulus (Et), respectively, as shown in Figure 4. 

The issue with the elastic perfectly plastic material model is that the strain hardening 

effect is not considered and thus it usually produces a fairly conservative result. A bilinear 

material model, as shown in Figure 4, which considers strain hardening is therefore 

proposed in this study.  
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Figure 4 Typical Stress-strain cureve of carbon steel and bilinear material model for 
FEA. 

For the plastic region, Et is defined by the following formula (1):  

𝐸                                                    (1) 

where 𝜀  and 𝜀  are the strain at yield strength and UTS. The values for 𝜎 , 

𝜎  and 𝜀  can be readily obtained for different pipeline materials. However, the 

𝜀  is usually not readily available and can only be obtained from an experimental stress-

strain curve data. For this reason, MacDonald (2007) mentioned that Et can be calculated 

using 𝜀  instead of 𝜀 , and formula (1) can be expressed as follows:  

𝐸                                                (2) 

where 𝜀   is the strain at fracture. However, it can be seen from Figure 4 that 

𝜀   is usually larger than 𝜀   for pipeline materials. Thus, the tangent modulus 

Et is underestimated if formula (2) is used. 

In this study, a dataset of measurements of strain at UTS from material coupon test data 

for API 5L X52, X65, X70 and X80 grade pipeline has been used to derive an empirical 

formula to estimate 𝜀   using curve fitting with nonlinear regression (Figure 5). The 
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following exponential function (3) is assumed to predict 𝜀 : 

𝜀 𝐶 𝑒                                                   (3) 

where C1 (=63.137) and C2 (=2.574) are the fit coefficients, and ω is the 𝜎  to 𝜎  

ratio.  

 

Figure 5 Material coupon test data plot and best-fit exponential curve using εUTS_TEST 
and the ratio of σyield_TEST to σUTS_TEST. 

To validate the proposed formula, the Pearson Product-Moment Correlation Coefficient 

(PPMCC) was employed. The PPMCC is commonly used as a measure of the linear 

relationship between two quantitative variables and is calculated by the following formula 

(4): 

𝑃𝑃𝑀𝐶𝐶 𝑟
∑ ̅

∑ ̅ ∑
                                        (4) 

Where x and y are the strain calculated by the proposed formula and from the material 

coupon test, respectively and �̅� and 𝑦 are the average values of x and y groups of values, 

respectively. Evans (1996) proposed guidance for the strength of the correlation 

expressed by the limit of the absolute r-value as shown in Table 2.  
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Table 2 The guidance for the strength of the correlation by Evans (1996). 

Limit Strength 
0.00 – 0.19 very weak 
0.20 – 0.39 weak 
0.40 – 0.59 moderate 
0.60 – 0.79 strong 
0.80 – 1.00 very strong 

Next, the t-value was calculated based on formula (5): 

𝑡 √

√
                                                               (5) 

Where t is the t-value and n (=25) is the number of observations.  

According to the correlation analysis, as shown in Figure 6, the PPMCC between the 

strain calculated by the proposed formula and the strain from the material coupon test is 

0.675 and the t-value is 4.39. The probability value (P_probability) for a two-tailed test 

obtained by applying n-2 degree of freedom (=23) to the t distribution function in the 

Excel program is 0.0002, which is less than the 0.001 significance level (=99.9% 

confidence). Hence, the null hypothesis that there is no statistically significant 

relationship between the strain calculated by the proposed formula and strain obtained 

from the material coupon test (PPMCC=0) is rejected. Therefore, the relationship 

between the strain calculated by the proposed formula and from the material coupon test 

is statistically significant with r (23) = .675, and P_probability < .001. In addition, the 

correlation strength is strong in accordance with Table 2.  

Consquently, it can be concluded that the 𝜀  can be calculated using formula (3) for 

API 5L X-grade pipeline steels from X52 to X80, and that the tangent modulus Et can be 

calculated by using formula (1) to consider the strain hardening effect. This bilinear 

material model, derived from the proposed methodology, is used for nonlinear FEA in 
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this study. The advantage of the proposed method is that it is possible to determine the 

strain at UTS using the basic material information of 𝜎  to 𝜎  ratio. Consequently, 

the bilinear stress-strain model may be estimated without the need to perform the tensile 

tests, which may save time and cost at the early design stage. 

 

Figure 6 Pearson product-moment correlation between the strain calculated by the 
proposed formula and the strain from the material coupon test. 

3. Nonlinear Finite Element Analyses 

In this study, the commercial software ANSYS Mechanical APDL versions 17.1 is used 

to model and perform the static nonlinear analysis for flawless pipelines under internal 

pressure only. In addition, it is assumed that the pipeline is a very long, thin-walled 

pipeline, so the shrinkage of the longitudinal direction due to the Poisson’s ratio is 

negligible. The following sections describe the setup of the ANSYS model used to 

perform the parametric study.  

3.1 Geometric Information and Material Property 
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The geometric information and material properties for the API X70 model used in the 

convergence study are shown in Table 3 and 4, respectively.  

Table 3 Geometric information of API X70 for setting up of FEA model. 

Outer diameter (mm) Thickness (mm) Model length (mm) 

762  15.9  5 times of outer diameter (=3810) 
 

Table 4 Material properties of API X70 for setting up of FEA model. 

Young’s 
modulus 
(MPa) 

Tangent 
modulus 
(MPa) 

Poisson’s 
ratio 

Yield strength 
(MPa) 

Ultimate tensile 
Strength  
(MPa) 

207,000 1220.1 0.3 482.63 565.37 

 

3.2 Material Model  

The bilinear material model as described in chapter 2 is used in the FEA as follows. 

Firstly, 𝜀  was estimated from the derived formula (3) and used to calculate the tangent 

modulus in order to consider the strain hardening effect in the plastic region. The 

calculated tangent modulus is 1220.1 MPa as shown in Table 4. 

3.3 Definition of the Finite Element Type 

The Plane 183 element has been selected to model the pipeline for two reasons. Firstly, 

this element can support axisymmetric analysis, that is, by using this element, the number 

of elements required to model the pipeline and the consequent computing time can be 

reduced. Secondly, this higher order 2-D and 8-node element can provide more accurate 

results. 

3.4 Applied Load and Boundary Condition 

The applied load and boundary conditions are shown in Figure 7. As a load condition, the 

internal pressure acts on the inside of the pipeline and is increased. Axisymmetry and 
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symmetry boundary conditions are considered to simplify the model. First, the 

longitudinal direction of FE model should coincide with the global Y-axis to apply the 

axisymmetry boundary condition. In addition, according to the assumption mentioned in 

the beginning of this chapter, as the considered pipeline is a very long, thin-walled 

pipeline, there is no longitudinal shrinkage by the Poisson's ratio. Therefore, the 

symmetry boundary condition has been applied to both ends of the pipeline FE model. 

                                                   

                      (a)                                                                             (b) 

Figure 7 Pipeline finite element model mesh size, load and boundary condition: (a) 
loading condition, (b) mesh size, loading condition and boundary condition. 

3.5 Convergence Study for Mesh Size 

A convergence study was conducted to identify the optimum number of elements in the 

model through the wall thickness as shown in Figure 7 (b). Four different models were 

created with between one and four elements in the pipe wall. The results for the von Mises 

equivalent stress and the burst pressure for the four models at different number of 

elements are shown in Figure 8.  
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Figure 8 von Mises equivalent stress and burst pressure according to the number of 
element. 

It can be seen from this plot that the number of elements through the wall thickness does 

not affect the result. However, in order to be able to investigate the stress distribution 

through the wall thickness, three elements were chosen for this study. 

In the case of FEA model length, it is recommended that at least one diameter of the 

pipeline should be included in the FE-model (DNV, 2008). Consequently, the length of 

FEA model has been taken to be more than five times the pipeline outer diameter to avoid 

the effects on the constraints. 

3.6 Determining Burst Pressure Using FEA 

In this study, the burst pressure is defined as the pressure that corresponds to be a point 

when the maximum von Mises equivalent stress, determined using FEA, reaches the UTS 

at any node. Figure 9 depicts the plot of the von Mises equivalent stress against the applied 

pressures from the FEA results. According to the burst pressure criterion defined in 

section 1.2, the stress values determined before and after the UTS, indicated by the dotted 

circle in Figure 9 are used to obtain the burst pressure through linear interpolation or 

extrapolation of the UTS value. 
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Figure 9 Interpreting FEA results to obtain the burst pressure. 

4. Parametric Studies 

To derive a reliable empirical formula for predicting the burst pressure for API 5L X 

grade pipeline (API, 2004), models for different pipeline materials, diameters and 

thicknesses, conforming to the ranges in the API 5L pipeline code, were selected. As 

listed in Table A.1 in the appendix, 79 models for the X80 pipeline and 90 models per 

each grade from X52 to X70 were modelled for nonlinear FEA. In total, 529 parametric 

case studies were conducted. Material properties and geometric information of the FEA 

models for the parametric studies are listed in Table 5 and 6, respectively. The tangent 

modulus and the strain at ultimate tensile strength, to carry out nonlinear FEA with a 

bilinear material model, was defined using formula (1) and the proposed formula (3), 

respectively. 

Table 5 Material properties assumed for the FEA model for parametric studies. 

Material X52 X56 X60 X65 X70 X80 

Poisson’s ratio 0.3 

Young’s modulus (E, MPa) 207,000 

Tangent modulus (Et, MPa) 1186 1276 1317 1187 1220 1123 

Yield strength  
(𝝈𝒚𝒊𝒆𝒍𝒅, MPa) 358.53 386.11 413.69 448.16 482.63 551.58 
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Ultimate tensile strength 
(𝝈𝑼𝑻𝑺, MPa) 

455.05 489.53 517.11 530.90 565.37 620.53 

𝝈𝒚𝒊𝒆𝒍𝒅 / 𝝈𝑼𝑻𝑺 0.788 0.789 0.800 0.844 0.854 0.889 

 

Table 6 Geometric information and bounding cases about the FEA model for parametric 
studies. 

 Bounding cases 

Material X52 X56 X60 X65 X70 X80 

Outer diameter (D, mm) 60.3 - 610 323.9 - 609.6 

Thickness (t, mm) 3.9 - 50.8 4.775 - 15.875 

D / t 10.0 - 64.08 25.5 - 96.0 

5. FEA Parametric Study Results  

As can be seen in Figure 10, a typical von Mises equivalent stress distribution of the 

results of parametric studies is plotted, and expressed using the 2D Axi-Symmetric full 

expansion plotting option of ANSYS. 

Based on point A, the burst pressure is obtained according to the method outlined in 

Section 3.6, i.e. the pipeline is considered to have failed when the von Mises stress at a 

node has exceeded the UTS of the material. 
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Figure 10 Sample of von Mises equivalent stress distribution of FEA results (2D Axi-
Symmetric full expansion plot). 

The von Mises equivalent stress is related to the principal stress by formula (6) and the 

principal stresses are defined by three directional stresses as following; 𝜎 𝜎 , 

𝜎 𝜎  and 𝜎 𝜎  . 

𝜎 .  
.

                                       (6) 

6. Derivation of Empirical Formula for Burst Pressures Prediction 

Based on the FEA results of the burst pressure from the 529 individual cases, a new 

empirical formula, of the form of a power law for API 5L X grade material, was derived 

from non-linear regression and expressed as formula (7). FEA results of the burst 

pressure for each material grade are plotted in Figure 11, and all of the data could be 

fitted to the power law curve with R squared (R2 = 0.9992).  

𝑎                                                      (7) 
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where a (=2.3824) and m (=-1.035) are the power function coefficients, D is the pipeline 

outer diameter and t is the pipeline thickness. Consequently, the empirical formula to 

predict the burst pressure becomes:  

𝑃 𝜎 2.3824
.

                                  (8) 

 

Figure 11 The Correlation between PBurst / 𝜎  and D / t  and R squared (R2). 

Formula (8) is only valid for the range of the parametric study, i.e. for the API 5L X grade 

flawless pipelines from X52 to X80 and the ratio of D to t of pipelines ranging from 10 

to 96. 

7. Validation of the Proposed Empirical Formulae 

The newly derived empirical formulae (3) and (8) have been validated by comparison 

with 14 burst pressure experimental results and burst pressure calculation results based 

on analytical methods from the literature reviewed in chapter 1. The geometric 

information and material properties for these 14 test specimens (Zhu and Leis, 2012; Law 

and Bowie, 2007; Liessem et al., 2004; Zhang et al., 2014) are listed in Table 7 below. 
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Table 7 Geometric information and material properties about 14 experimental 
specimens. 

Test 
No. 

Material 
Outer 

diameter 
(D, mm) 

Thickness
(t, mm) 

D / t 
Yield strength 
(𝜎 , MPa)

Ultimate tensile 
strength 

(𝜎 , MPa) 
𝜎  / 𝜎

1 X60 (1) 762.00 14.40 52.92 501.0 543.0 0.923 

2 X60 (2) 762.00 14.40 52.92 543.0 568.0 0.956 

3 X65 (1) 273.14 7.10 38.47 587.0 662.0 0.887 

4  X65 (2)  1016.00  16.90  60.12  641.0  683.0  0.939 

5  X65 (3)  1016.00  16.90  60.12  668.0  695.0  0.961 

6 X70 (1) 457.20 9.97 45.86 637.0 700.0 0.910 

7 X70 (2) 914.40 19.10 47.87 534.0 553.0 0.939 

8 X70 (3) 914.40 19.10 47.87 562.0 570.0 0.986 

9 X70 (4) 610.00 18.90 32.28 539.5 606.5 0.890 

10 X70 (5) 1016.00 16.90 60.12 593.0 656.5 0.903 

11 X80 (1) 356.90 6.96 51.28 568.0 677.0 0.839 

12 X80 (2) 356.17 6.91 51.54 640.0 684.0 0.936 

13 X80 (3) 1219.20 18.30 66.62 640.0 719.0 0.890 

14 X80 (4) 1219.20 18.30 66.62 715.0 744.0 0.961 

The experimental specimens in Table 7 were selected to cover different API 5L X60, 

X65, X70, and X80 grades and a range of pipeline diameters and thicknesses. 

Furthermore, the predictions from this study were also compared with those from the 21 

burst pressure formulae detailed in Table 1. The detailed comparison results are listed in 

Table 8 and Figure 12. 

To evaluate the accuracy of the proposed formula (8), the following statistical standard 

error formula (9) in association with the experimental results and the prediction results 

by analytical methods is applied: 

Standard Error SE  
∑

                                 (9) 

where Ppredict, Pexp and N denotes the predicted burst pressure, experimental results and 

total number of data, respectively. 
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Table 8 Average Discrepancy (AD) and Standard Error (SE). 

Model 
 

Test Case 

No. Name X60 (1) X60 (2) X65 (1) X65 (2) X65 (3) X70 (1) 
Experimental Burst 

Pressure (MPa) 
20.90 21.90 36.33 23.60 24.30 30.53 

 Burst pressures ratio (PFP formula / Pexp.) 

1 
ASME  
(1962) 

1.00 1.00 0.97 1.00 1.00 1.02 

2 
Barlow OD  

(1836) 
0.98 0.98 0.95 0.98 0.98 1.00 

3 
Barlow ID  

(1836) 
1.02 1.02 1.00 1.02 1.02 1.05 

4 
Barlow flow  

(1836) 
0.98 1.00 0.94 1.00 1.02 1.00 

5 
Bailey-Nadai  

(1930) 
1.00 1.00 0.97 1.00 1.00 1.02 

6 
DNV  

(2013) 
1.00 1.00 0.98 1.00 1.00 1.03 

7 
Fletcher 
(2003) 

1.00 1.01 0.99 1.03 1.05 1.03 

8 
Max. Shear Stress 

(2002) 
1.00 1.00 0.97 1.00 1.00 1.02 

9 
Turner  
(1910) 

1.00 1.00 0.97 1.00 1.00 1.02 

10 
Stewart et al. (1)  

(1994) 
0.97 0.98 0.92 0.96 0.96 0.98 

11 
Bohm  
(1972) 

1.11 1.11 1.04 1.10 1.10 1.12 

12 
Faupel  
(1956) 

1.15 1.15 1.11 1.15 1.16 1.17 

13 
Marin and Rimrott  

(1958) 
1.11 1.12 1.03 1.09 1.09 1.12 

14 
Marin and Sharma  

(1958) 
1.15 1.16 1.10 1.14 1.14 1.17 

15 
Nadai  
(1931) 

1.16 1.15 1.12 1.15 1.16 1.18 

16 
Nadai  
(1963) 

1.15 1.15 1.12 1.15 1.15 1.18 

17 
Soderberg  

(1941) 
1.16 1.15 1.12 1.15 1.16 1.18 

18 
Svensson  

(1958) 
1.11 1.11 1.04 1.10 1.10 1.12 

19 
Stewart et al. (2)  

(1994) 
1.13 1.13 1.07 1.12 1.12 1.14 

20 
Zhu and Leis 

(2006) 
1.05 1.06 0.99 1.04 1.04 1.06 

21 
Zhu and Leis 

(2007) 
1.04 1.05 1.00 1.06 1.07 1.06 

22 Proposed equation 1.02 1.02 0.99 1.02 1.02 1.04 

 
  



22 
 

Table 8 (Cont.) Average Discrepancy (AD) and Standard Error (SE). 

Model 
 

Test Case 

No. Name X70 (2) X70 (3) X70 (4) X70 (5) X80 (1) X80 (2) 

Experimental Burst 
Pressure (MPa) 

23.10 23.50 40.3 23.6 27.44 27.80 

 Burst pressures ratio (PFP formula / Pexp.) 

1 
ASME  
(1962) 

1.00 1.00 0.96 0.94 0.98 0.97 

2 
Barlow OD  

(1836) 
0.98 0.98 0.93 0.93 0.96 0.95 

3 
Barlow ID  

(1836) 
1.02 1.02 0.99 0.96 1.00 0.99 

4 
Barlow flow  

(1836) 
0.99 1.00 0.94 0.91 0.92 0.96 

5 
Bailey-Nadai  

(1930) 
1.00 1.00 0.95 0.94 0.98 0.97 

6 
DNV  

(2013) 
1.00 1.00 0.97 0.94 0.99 0.98 

7 
Fletcher  
(2003) 

1.03 1.04 1.01 0.97 0.96 1.00 

8 
Max. Shear Stress  

(2002) 
1.00 1.00 0.96 0.94 0.98 0.97 

9 
Turner  
(1910) 

1.00 1.00 0.96 0.94 0.98 0.97 

10 
Stewart et al. (1) 

(1994) 
0.94 0.94 0.88 0.87 0.93 0.93 

11 
Bohm  
(1972) 

1.07 1.07 0.99 0.98 1.05 1.06 

12 
Faupel  
(1956) 

1.15 1.15 1.10 1.08 1.10 1.12 

13 
Marin and Rimrott  

(1958) 
1.06 1.06 0.98 0.96 1.04 1.05 

14 
Marin and Sharma  

(1958) 
1.12 1.12 1.07 1.03 1.10 1.11 

15 
Nadai  
(1931) 

1.16 1.16 1.11 1.09 1.13 1.12 

16 
Nadai  
(1963) 

1.15 1.15 1.10 1.08 1.13 1.12 

17 
Soderberg  

(1941) 
1.16 1.16 1.11 1.09 1.13 1.12 

18 
Svensson  

(1958) 
1.07 1.07 0.99 0.98 1.05 1.06 

19 
Stewart et al. (2)   

(1994) 
1.10 1.10 1.04 1.02 1.08 1.08 

20 
Zhu and Leis  

(2006) 
1.02 1.02 0.96 0.94 1.00 1.01 

21 
Zhu and Leis  

(2007) 
1.05 1.05 0.99 0.98 1.00 1.02 

22 Proposed equation 1.02 1.02 0.98 0.96 1.00 0.99 
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Table 8 (Cont.) Average Discrepancy (AD) and Standard Error (SE). 

Model 
 

Test Case 
AD SE 

SE  
Ranking 

No. Name X80 (3) X80 (4) 
Experimental Burst Pressure 

(MPa) 
42 21.90 - - - 

 Burst pressures ratio  
(PFP formula / Pexp.) 

- - - 

1 
ASME  
(1962) 

1.00 1.00 -1.439% 0.690% 6 

2 
Barlow OD  

(1836) 
0.99 0.98 -2.998% 1.019% 9 

3 
Barlow ID  

(1836) 
1.02 1.01 1.000% 0.612% 3 

4 
Barlow flow  

(1836) 
0.96 0.99 -2.790% 1.175% 11 

5 
Bailey-Nadai  

(1930) 
1.00 1.00 -1.324% 0.691% 7 

6 
DNV  

(2013) 
1.00 1.00 -0.636% 0.587% 2 

7 
Fletcher  
(2003) 

0.99 1.03 1.042% 0.756% 8 

8 
Max. Shear Stress  

(2002) 
1.00 1.00 -1.041% 0.628% 5 

9 
Turner  
(1910) 

1.00 1.00 -1.027% 0.626% 4 

10 
Stewart et al. (1) 

(1994) 
0.96 0.95 -5.882% 1.877% 13 

11 
Bohm  
(1972) 

1.09 1.09 6.975% 2.239% 15 

12 
Faupel  
(1956) 

1.14 1.15 13.468% 3.809% 19 

13 
Marin and Rimrott  

(1958) 
1.08 1.08 6.317% 2.160% 14 

14 
Marin and Sharma  

(1958) 
1.13 1.13 12.075% 3.485% 18 

15 
Nadai  
(1931) 

1.16 1.15 14.284% 4.014% 22 

16 
Nadai  
(1963) 

1.15 1.15 13.941% 3.925% 20 

17 
Soderberg  

(1941) 
1.16 1.15 14.268% 4.009% 21 

18 
Svensson  

(1958) 
1.09 1.09 7.038% 2.253% 16 

19 
Stewart et al. (2)   

(1994) 
1.11 1.11 9.812% 2.893% 17 

20 
Zhu and Leis  

(2006) 
1.04 1.03 1.945% 1.097% 10 

21 
Zhu and Leis  

(2007) 
1.03 1.05 3.241% 1.186% 12 

22 Proposed equation 1.01 1.01 0.653% 0.587% 1 
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Figure 12 Average discrepancy and standard errors in association with the experimental 
results and the prediction by analytical methods. 

According to the results indicated in the Table 8 and Figure 12, the predicted burst 

pressures calculated by the proposed empirical formula show the best agreement with 

the experimental results with standard error of 0.587% and average discrepancy of 

0.653%. 

It is observed from Figure 12 that in general, the error bounds of the pipeline burst 

pressure predictions using the formulae based on Tresca and the average shear stress 

criterion categories are less than the error bounds based on the von Mises criterion 

category. The results from the former category tend to better predict the experimental 

results, and the latter category generally tends to overestimate the burst pressure. 

Nevertheless, the only exception in the latter category is the proposed formula, which 

produces similar results to those from DNV and Barlow ID formulae. 

From the above results, it is confirmed that the proposed methodology, that is, the 

methodology of performing the nonlinear FEA based on the tangent modulus calculated 
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using the strain in the UTS calculated by the proposed formula, is reliable. 

8. Conclusions 

A study was carried out in order to develop a new methodology for the prediction of the 

burst pressure for API 5L X grade flawless pipelines.  

First of all, an empirical formula to estimate the strain at UTS was derived from the 

pipeline API 5L X grade material coupon test data. This formula was then used to predict 

the strain at UTS and the calculated strain at UTS was employed to calculate the tangent 

modulus in order to consider the strain hardening effect within the FEA material model. 

Based on the defined material model by the use of the calculated strain at UTS, a 

comprehensive nonlinear FEA was performed on 529 pipelines of differing material 

properties and geometries that were subject to an internal pressure load. The results of the 

parametric study were used to derive a new empirical formula that predicts the burst 

pressure of a flawless pipeline. This formula consists of 𝜎 , 𝜎  to 𝜎  ratio, and 

the outer diameter to wall thickness ratio. The predictions of burst pressure for the 

flawless pipeline by the proposed formula were compared with the results of 14 pipeline 

burst pressure experimental results together with the results based on the conventional 

formulae. It was found that the best agreement was achieved between the burst pressure 

calculated by the proposed formula and the burst test results. In addition, the proposed 

formula is shown to give the most accurate predictions of the 22 formulae based on the 

standard error criteria. Therefore, it can be concluded that the burst pressure prediction 

formula derived by following the proposed methodology can calculate an accurate burst 

pressure for the API 5L X grade flawless pipelines from X52 to X80 and D/t range from 

10 to 96.  
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Appendix 

Table A.1 Geometric information for the parametric analysis.  

No. 

X52, X56, X60, X65 and X70 X80 

Outer dia.  
(D, mm) 

thickness  
(t, mm) 

D/t 
Outer dia.  
(D, mm) 

thickness  
(t, mm) 

D/t 

1 60.3 3.9 15.42 323.9 4.775 67.82 

2 60.3 5.5 10.88 323.9 5.156 62.81 

3 73.0 5.2 14.15 323.9 5.563 58.22 

4 73.0 7.0 10.41 323.9 6.350 51.00 

5 88.9 5.5 16.19 323.9 7.137 45.37 

6 88.9 7.6 11.67 323.9 7.925 40.87 

7 114.3 6.0 18.99 323.9 8.382 38.64 

8 114.3 8.6 13.35 323.9 8.738 37.06 

9 114.3 11.1 10.30 323.9 9.525 34.00 

10 141.3 6.6 21.57 323.9 10.312 31.40 

11 141.3 9.5 14.84 323.9 11.125 29.11 

12 168.3 7.1 23.67 323.9 12.700 25.50 

13 168.3 11.0 15.34 355.6 4.775 74.47 

14 168.3 12.7 13.25 355.6 5.156 68.97 

15 168.3 14.3 11.79 355.6 5.563 63.93 

16 219.1 6.4 34.50 355.6 6.350 56.00 

17 219.1 8.2 26.78 355.6 7.137 49.82 

18 219.1 10.3 21.25 355.6 7.925 44.87 

19 219.1 12.7 17.25 355.6 8.382 42.42 

20 219.1 15.9 13.80 355.6 8.738 40.70 

21 219.1 19.1 11.50 355.6 9.525 37.33 

22 273.0 6.4 42.99 355.6 10.312 34.48 

23 273.0 9.3 29.45 355.6 11.125 31.96 

24 273.0 12.7 21.50 355.6 12.700 28.00 

25 273.0 15.9 17.19 406.4 6.350 64.00 

26 273.0 19.1 14.33 406.4 7.137 56.94 

27 273.0 21.4 12.73 406.4 7.925 51.28 

28 273.0 25.4 10.75 406.4 8.738 46.51 

29 323.8 9.5 33.98 406.4 9.525 42.67 

30 323.8 10.3 31.41 406.4 10.312 39.41 
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Table A.2 (Cont.) Geometric information for the parametric analysis.  

No. 

X52, X56, X60, X65 and X70 X80 

Outer dia.  
(D, mm) 

thickness  
(t, mm) D/t Outer dia.  

(D, mm) 
thickness  
(t, mm) D/t 

31 323.8 12.7 25.50 406.4 11.125 36.53 

32 323.8 14.3 22.69 406.4 11.913 34.12 

33 323.8 15.9 20.39 406.4 12.700 32.00 

34 323.8 17.5 18.52 406.4 14.275 28.47 

35 323.8 19.1 17.00 406.4 15.875 25.60 

36 323.8 21.4 15.10 457.2 6.350 72.00 

37 323.8 25.4 12.75 457.2 7.137 64.06 

38 323.8 31.8 10.20 457.2 7.925 57.69 

39 355.6 9.5 37.31 457.2 8.738 52.33 

40 355.6 11.1 31.95 457.2 9.525 48.00 

41 355.6 12.7 28.00 457.2 10.312 44.33 

42 355.6 15.9 22.39 457.2 11.125 41.10 

43 355.6 19.1 18.67 457.2 11.913 38.38 

44 355.6 25.4 14.00 457.2 12.700 36.00 

45 355.6 31.8 11.20 457.2 14.275 32.03 

46 406.4 9.5 42.64 457.2 15.875 28.80 

47 406.4 12.7 32.00 508.0 6.350 80.00 

48 406.4 14.3 28.48 508.0 7.137 71.17 

49 406.4 15.9 25.59 508.0 7.925 64.10 

50 406.4 16.7 24.39 508.0 8.738 58.14 

51 406.4 17.5 23.25 508.0 9.525 53.33 

52 406.4 19.1 21.33 508.0 10.312 49.26 

53 406.4 21.4 18.96 508.0 11.125 45.66 

54 406.4 25.4 16.00 508.0 11.913 42.64 

55 406.4 31.0 13.11 508.0 12.700 40.00 

56 406.4 31.8 12.80 508.0 14.275 35.59 

57 406.4 38.1 10.67 508.0 15.875 32.00 

58 457.2 12.7 36.00 558.8 6.350 88.00 

59 457.2 15.9 28.79 558.8 7.137 78.29 

60 457.2 19.1 24.00 558.8 7.925 70.51 
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Table A.3 (Cont.) Geometric information for the parametric analysis.  

No. 

X52, X56, X60, X65 and X70 X80 

Outer dia.  
(D, mm) 

thickness  
(t, mm) D/t Outer dia.  

(D, mm) 
thickness  
(t, mm) D/t 

61 457.2 23.8 19.19 558.8 8.738 63.95 

62 457.2 25.4 18.00 558.8 9.525 58.67 

63 457.2 31.8 14.40 558.8 10.312 54.19 

64 457.2 38.1 12.00 558.8 11.125 50.23 

65 457.2 45.2 10.11 558.8 11.913 46.91 

66 508.0 12.7 40.00 558.8 12.700 44.00 

67 508.0 15.9 31.99 558.8 14.275 39.15 

68 508.0 17.5 29.06 558.8 15.875 35.20 

69 508.0 19.1 26.67 609.6 6.350 96.00 

70 508.0 25.4 20.00 609.6 7.137 85.41 

71 508.0 26.2 19.39 609.6 7.925 76.92 

72 508.0 31.8 16.00 609.6 8.738 69.77 

73 508.0 32.5 15.63 609.6 9.525 64.00 

74 508.0 38.1 13.33 609.6 10.312 59.11 

75 508.0 50.8 10.00 609.6 11.125 54.79 

76 559.0 12.7 44.02 609.6 11.913 51.17 

77 559.0 19.1 29.34 609.6 12.700 48.00 

78 559.0 25.4 22.01 609.6 14.275 42.70 

79 559.0 31.8 17.61 609.6 15.875 38.40 

80 559.0 38.1 14.67 

- 

81 610.0 9.5 64.08 

82 610.0 12.7 48.03 

83 610.0 14.3 42.75 

84 610.0 15.9 38.41 

85 610.0 17.5 34.90 

86 610.0 19.1 32.02 

87 610.0 25.4 24.02 

88 610.0 31.8 19.21 

89 610.0 38.1 16.01 

90 610.0 50.8 12.01 

 




