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ABSTRACT 

This paper presents analysis of fracture assessment methods of axial partially-through 

crack in X65 and X70 steel pipes with internal pressure. Two analytical methods (Folin - 

Ciocalteu method (FC method) and Gauss–Seidel method (GS method)) are used to make 

assessment for two steel pipes (steel X65 and X70). Finite Element model of X65 and X70 

steel full-scale pipes with axial part-through crack was established. In this work, a 

comparison is made between results obtained from FC and GS methods and finite element 

model with previous experimental results. The GS is more conservative assessment 

method as it provides smaller crack depth (a) corresponding to (Jcr). Finite Element model 

in case of steel X70 is more conservative than the analytical methods and its results close 

to the experimental values. 
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INTRODUCTION 

The defects in the wall thickness of thin-wall pipelines are very serious. During service, 

these defects are sources for crack initiation and propagation until the pipe failure, [1 - 

4]. In some cases, catastrophic failure with human casualties occurs especially if these 

fluids/gases are flammable. 

 

Investigation of the crack propagation in pipes is very important to avoid catastrophic 

failure of pipes. The pipes material undergo in elastic-plastic fracture mechanics methods, 

[5]. J-integral, [6] and crack tip opening displacement (CTOD), [7] are two fracture 

assessment methods used to describe the behavior of elastic-plastic fracture material, [8]. 

Fracture assessment methods of defected pipes are exposed to internal pressure got a 

great consideration in lots of previous works, [9 - 16]. In most cases, the pipe got axial 

crack (parallel to pipe axis), circumferential crack (on the pipe circumference) or inclined 

to the pipe axis. Two analytical methods (the FC, [17] and GS method, [18]) for crack 
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propagation, were used to get critical crack depth (acr) from each method, beyond this 

value unstable crack growth occurs.  

The objective of this work is to establish a finite element model for full scale pipe with 

axial partially-through crack and compare the results of finite element model and 

analytical methods with experimental results. This study is considered very useful for 

maintenance plans of gas pipelines. 

 

MATERIAL 

This work focused on two types of steel pipes steel X65 and X70. Mechanical properties 

in a circumference direction were determined previously by Ľ.Gajdoš[9]. The fracture 

toughness of the material (Jcr) was determined using J-R curve from compact tension 

specimen (CT)[9].  

Table 1 summarizes the mechanical properties and fracture toughness of these pipes. 

 

Table 1 Mechanical properties and fracture toughness of steel X65 and X70, [9] 

Steel 

grade 

Yield 

strength in 

(MPa) 

Ultimate 

strength 

in (MPa) 

Ramberg–Osgood 

parameters Jcr N/mm 

α m 

Steel X65 496 582 5.34 8.45 432 

Steel X70 536 643 5.92 9.62 439 

 

Analytical fracture assessment methods (FC and GS methods) and Finite Element method 

were applied to these two materials. Table 2 summarizes both the fracture pressure and 

crack depth at fracture obtained from previous work, [9, 15]. 

 

Table 2Fracture pressure and critical crack depth for tested pipes, [9]. 

Steel 

grade 

Outer 

diameter 

(D) mm 

Thickness 

(t)mm 

Half 

crack 

length 

(c)mm 

critical 

crack 

depth 

(a) 

mm 

Fracture 

pressure 

(MPa) 

Plastic 

constraint 

factor C 

Steel 

X65 
820 10.6 100 7 9.86 2.3 

Steel 

X70 
1018 11.7 127 6.7 9.86 2.07 

 

ANALYTICAL METHODS  

The Folin–Ciocalteu method (FC method) 

It is an analytical method for estimating J-Integral for non-linear material Equation (1). 

This method depends on Ramberg-Osgood parameters for the material. This method was 

described in Addendum A16 of the French nuclear code RCC-MR, [17]. 



48 
 

𝑱 =
𝐊𝟐

𝐄`
[(𝟏 + 𝜶 (

𝛔

𝛔˳
)

𝒎

) +
𝟎. 𝟓 (

𝛔

𝛔˳
)

𝒎

(𝟏 + 𝜶 (
𝛔

𝛔˳
)

𝒎
)

] (1) [17] 

where  

 
K: stress intensity factor in case of pipe with axial semi-elliptical partially 

through crack 

 

σ: nominal stress 𝛔 = 𝛔𝒉

𝟏− 
𝝅𝒂𝒄

𝟐𝒕(𝒕+𝟐𝒄)

[9] 

𝝈𝒉: hoop stress 𝝈𝒉 =
𝑷𝑫

𝟐𝒕
 

c: half crack length 

a: crack depth, as shown in Fig. 1 

 
𝐄`=E        for the plane stress 

    =
𝑬

𝟏−𝝊𝟐   for the plane strain, where 𝝊: poisson’ ratio 

 σ0 is the yield strength and 𝛆𝐨 =
𝛔˳

𝑬
 

 

α, m : material constants (Ramberg-Osgood parameters) [8] 
𝛆

𝛆˳
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𝛔
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Fig. 1 Semi-elliptical partially through crack in pipe, [9]. 

 

The Gauss–Seidel method (GS Method) 

It is another analytical method for determining J-Integral particularly for semi-circular 

crack, Equation(2)[18] 

𝑱 =
𝐊𝟐

𝐄`
[𝟏 +

𝟐𝛂 𝐦 (
𝛔

𝛔˳
)

𝐦−𝟏

𝐦 + 𝟏
] (2), [18] 

 

 

FINITE ELEMENT METHOD  

ANSYS program is used to simulate semi-elliptical axial partially-through crack in a full-scale 

pipe similar to the pipes tested previously, [9, 15]. Comparison is made between the values of 

fracture pressure and crack depth obtained from finite element and experimental values obtained. 
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The steel X65 and X70 properties were identified to Ansys program via the material yield strength 

and the tangent modulus. From Fig. 2, the tangent moadulus of steel X70 was calculated to identify 

the material to ANSYS program, Fig. 3, [21]. 

 

 

 

Fig. 2 The behavior of steel X70 

according to Ramberg-Osgood 

parameters. 

 

Fig. 3 The behavior of bilinear material 

steel X70 from ANSYS program. 

 

The proper mesh for the crack configuration was determined to facilitate the steps of 

establishing the Finite Element model. Many trials were conducted to get the appropriate 

meshing. In this work, tetrahedral mesh was selected because it is more proper and 

suitable for this kind of crack.  

 

RESULTS AND DISCUSSION 

The J-integral was determined using ANSYS under same fracture pressure obtained 

experimentally for each pipe at different crack depth to establish relationship between J 

and a using finite element to get the critical crack depth (acr) corresponding to Jcr. Figure 

4 shows the two analytical methods (FC and GS methods) compared to the Finite Element 

method. Generally, the Finite Element method is in good agreement with the analytical 

methods (FC and GS methods). This is obvious hence, acr for steel X70 according to Finite 

Element method = 7.169 mm while according GS method acr = 7.218 mm,  

Table 3. The Finite Element method is more conservative than FC and GS methods. The 

critical crack depths (acr) corresponding to (Jcr) obtained at the fracture pressure by two 

analytical methods and Finite Element are summarized in  

Table 3. 

Table 3 Thecritical crack depth (acr) for steel X65 and X70 using FC, GS and Finite 

Element methods 

Steel 

grade 

) mmcr(acritical crack depth  

The FC method The GS method 
The Finite 

Element method 

Steel 

X65 
7.109 7.065 

7.511 

Steel 

X70 
7.348 7.218 

7.169 

 

0

100

200

300

400

500

600

700

0 0.05 0.1

st
re

ss
 (

 M
p

a 
)

strain 



50 
 

 

  
(a) Steel X65 (b) Steel X70 

  

Fig. 4 Comparison between the FC, GS and Finite Element methods for: (a) steel X65 

and (b) steel X70. 

 

 

Figure 5 shows the value of J-integral at the critical crack depth (acr) which obtained from 

Finite Element method for steel X65 and X70 at the same fracture pressure obtained 

experimentally, [9]. 

 

 

  
 

(a) Steel X65 . 
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(b) Steel X70. 

 

Fig. 5 The J-integral at fracture pressure for (a) Steel X65 and (b) Steel X70. 
 

Table 4 refer to the deviation between critical crack depth (acr) determined by different 

methods and the one obtained experimentally, [9, 17]. 

 

Table 4 The deviation in crack depth of each method relative to the experimental value. 

Steel 

grade 

Deviation from experimental value  

The FC method The GS method 
The Finite Element 

method 

Steel X65 1.56% 0.93% 7.3% 

Steel X70 9.67% 7.73% 7% 

 

CONCLUSIONS 

The FC and GS analytical methods for fracture assessments worked well in determining 

fracture parameters. GS method is more conservative to be used in maintenance plans. 

This means it gives the minimum crack depth at fracture under same internal pressures. 

The Finite Element method is successfully simulated fracture assessment of natural gas 

pipelines. In addition, Finite Element method is very simple tool to get the critical crack 

depth (or fracture parameters) in case of semi elliptical partially-through crack. Finite 

Element method is more conservative compared to analytical methods. 
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