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ABSTRACT 

Pipelines are a very safe and cost-effective way of transporting fluids under pressure. However, as with any 

metallic structure, they can develop flaws that cause the structure to rupture or leak. To prevent this, several 

researchers and organizations have attempted to develop models that can compute the severity of pipeline 

defects. In order to better exploit and apply these various models, we have developed in this article a parametric 

study based on the most commonly used analytical models in the industry. The parametric study considers the 

crack's size and location, as well as the internal pressure of the tube. The findings of this study shed light on the 

most important parameters for each model under consideration. 
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INTRODUCTION 

Metal pipelines are the most widely used and cost-effective method of transporting pressurized fluids over long 

distances [1]. These structures are prone to a variety of flaws, which have a significant impact on the 

performance and structural safety of pressurized fluid transmission lines. Corrosion, cracks, perforations, dents, 

scratches, and combinations of these are examples of surface defects in pipelines [2]-[4]. Surface defects in the 

pipe wall caused by foreign object contact and/or impact are referred to as mechanical damage. This type of 

damage is regarded as the most common cause of pipeline failures or leaks in service, according to statistics [5]-

[8]. These flaws could result in product leaks, explosions, fires, human and/or animal deaths, and pollution [9]. 

Several studies have been carried out in order to better understand the effect of mechanical damage on the 

structural behavior of power transmission pipelines subjected to static and cyclic pressures. The goal of these 

studies is to propose methods for estimating the service life of a structure with a defect.  

These methods can be used by industrialists to estimate the remaining life of a structure and, more specifically, 

to plan maintenance operations before the harmfulness of the identified defect becomes critical [10], [11]. The 

main methods of fatigue life evaluation encountered in the literature for cracked pipes subjected to internal 

pressure are presented below. The various theoretical and experimental aspects on which these models are based 

will be discussed as well. A parametric study will be carried out in this paper in order to compare the various 

prediction results from these analytical models. These models make use of the results of a numerical finite 

element model developed by the authors previously on ANSYS [12]. The most important elements concerning 

the computation method used by this model will be presented in this document. This study will allow 

industrialists to better visualize the predictions of these models, especially by comparing them with the results of 

the most widely used method for evaluating the number of cycles in fatigue, which is the Paris law [13]. 

CRACK PROPAGATION 

The applied mechanics framework required to characterize the behavior of cracked components under applied 

loads is referred to as fracture mechanics. Its goal is to characterize the local deformation around a crack tip in 
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order to predict how the crack will affect the component's behavior [14]. Different theories, including as linear 

elastic fracture mechanics, elastic-plastic fracture mechanics, and limit analysis, have been advanced to describe 

the fracture process in order to build prediction capacities [15]. Fracture is the separation of a body into 

numerous sections caused by a stress [13]. A substantial plastic deformation along a growing crack characterizes 

a ductile fracture. It happens gradually as the crack lengthens. A stable crack is one that resists elongation that is 

not caused by an increase in applied stress. Brittle fracture, as opposed to ductile fracture, is distinguished by the 

absence of macroscopic plastic deformation and, as a result, by the rapid propagation of cracks with little energy 

consumption [16]. The relative movement of the crack's two surfaces (lips) can be dissociated according to three 

ways of propagation, according to consensus [17]. Figure 1 depicts the three modes. 

 

Figure 1. Illustration of the three modes of crack propagation. 

The three forms of crack propagation are as follows:  

- Mode I: Corresponds to an opening in the direction normal to the plane of the crack lips. In this situation, 

the lips are open but not shorn; 

- Mode II: This corresponds to crack lips sliding. The lips are closed but sheared in this scenario; 

- Mode III: A hybrid of the two previous phases. 

In most cases, the crack surface forms as a result of a mixture of these three processes [17]. It is worth noting 

that unexpected failures are frequently caused by the propagation of cracks in mode I, as the fracture tends to 

propagate according to the cracking mode that facilitates its opening [18]. This is why fracture mechanics is 

especially interested in this mode [18], [19]. 

FATIGUE LIFE MODELING 

Fatigue is a cyclic phenomenon, and the loading cycle must be represented by at least two variables: its average 

value and its variation. In practice, the load ratio R = Kmin /Kmax and the variation of the nominal stress intensity 

factor ΔK = Kmax - Kmin are used. Maximum stress 𝜎max, minimum stress 𝜎min, average stress 𝜎m, and stress 

amplitude 𝜎a define the fatigue stress cycle (Figure 2). Because of the limited stress levels in polycyclic fatigue, 

the assumption of confined plasticity can be applied to a fairly broad range of materials [20]. Because the 

stresses are lower, the activated plastic zone is smaller. The stress and strain fields outside the plastic zone, 

under this assumption, are a function of the stress intensity factors. Paris et al. [13] investigated the behavior of 

fatigue cracks and proposed an empirical law relating the rate of crack growth per fatigue cycle da/dN (i.e., the 

stable cracking rate per fatigue cycle, expressed in mm/cycle) to the magnitude of the stress intensity factor K 

[13]. 

 

Figure 2. Fatigue parameters associated with a stress cycle 
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The propagation curve is plotted in a logarithmic diagram (Figure 3), and it shows three distinct domains: 

 Threshold regime (regime I): The magnitude of the stress intensity factor is close to the non-propagation 

threshold. Just before this threshold, cracking speeds are lower than predicted by the Paris law, and crack 

propagation is very slow, if not undetectable; 

 Paris regime (regime II): This is an intermediate regime in which Paris law is applicable. The load ratio R 

influences the rate of propagation in this region; 

 Accelerated propagation regime (regime III): This is a domain that corresponds to the case of high loads 

in which the material tears at the crack points. The propagation speeds are extremely fast, resulting in the 

failure of the part very quickly. When Kmax reaches the material's toughness KIC. 

 

Figure 3. Cracking curve depicting the various stages of propagation 

Paris Model 

Paris [13] proposed using the variation of the stress intensity factor K to describe the stable fatigue crack growth 

in linear elasticity for materials with elastic behavior (domain II). This law was discovered through 

experimentation (Equation 1). 

 
mda

C K
dN

                                                                                       (1) 

Where: N is the number of cycles, and C and m are material constants determined experimentally. 

This empirical approach is justified when there is no closure at the crack tip. The Paris law does not describe the 

entire propagation curve; however, other empirical or analytical laws that do describe the entire propagation 

curve have been proposed. 

Forman Model 

Walker's model was improved by Forman [21], who proposed a new model that can describe region III of the 

propagation velocity curve while accounting for the effect of charge ratio. Forman's law is represented by (2). 

 

  max1

m

IC

C Kda

dN R K K




 
                                                                                     (2) 

This law does not appear to adequately describe the behavior of steels, where the effect of the ratio R is less 

pronounced. We can see from the previous relationship that the ratio da/dN tends to infinity when Kmax tends to 

KIC. Furthermore, this relationship does not account for the existence of a fatigue threshold that prevents crack 

propagation. Hartman and Schijve [22] proposed modifications to Forman's model [21] to account for the 

threshold stress intensity factor ΔKth (region I). Equation (3) represents the modified model. 
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McEvily Model 

McEvily [23] proposed a model that incorporates the threshold effect (ΔKth) and the Young's modulus of the 

material E to calculate crack propagation per cycle in the striation mode as a function of crack opening 

(Equation 4). 

 2 2

2

8
th

da
K K

dN E
                                                                                        (4) 

This model was modified to account for the effect of the load ratio R and the unsteady propagation zone 

(Equation 5). 
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The magnitude of the threshold stress intensity factor (Kth,2) is given by (6). 
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Zheng Model 

Zheng and Manfred [24] created a propagation model that takes the blunting at the crack tip into account. The 

model described by (7) is affected by the fracture toughness, the ductility coefficient, the Young's modulus of 

the tube, the maximum stress intensity factor, and the threshold stress intensity factor. 

 
2

max
1

2
th

f

da
K K

dN E 
                                                                                       (7) 

Elber Model 

Elber [25] discovered in the early 1970s that the fatigue crack can be partially closed even when an overall 

tensile load is applied. Elber observed a change in strain during loading and interpreted it as a gradual change in 

crack length due to crack lip closure behind the crack tip. It is suggested that instead of the nominal stress 

intensity factor amplitude ΔKI, an effective stress intensity factor amplitude ΔKeff be used as the crack 

propagation parameter. Equation (8) expresses the cracking rate. 

 
m

eff
da

C K
dN

               (8) 

Equation (9) defines the magnitude of the effective stress intensity factor. Where Kop is the stress intensity factor 

level when the crack opens/closes. 

maxeff opK K K                                                                                         (9) 

This model has provided explanations for a variety of observed behaviors, including the delay in fatigue crack 

growth rate due to overloads, the effect of load ratio on propagation rate, some of the observed fatigue threshold 

effects, and the growth behavior of small cracks [26]. Elber's [25] stress intensity factor Kop of a crack is written 

as in (10). 

  maxopK R K                                                                                      (10) 

Where: 

  20.25 0.5 0.25R R R                                                                                       (11) 
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FINITE ELEMENT MODEL 

The stress intensity factor serves as the foundation for all fatigue estimation models. To compare these models, 

we will employ a finite element model to calculate the stress intensity factor of a semi-elliptical crack in an X52 

steel tube subjected to cyclic internal pressure. The authors have already developed and validated this model in 

[12]. The ANSYS code [27] is used to perform the finite element model of a pipe with a crack. The pipe 

measures 274 mm in diameter, has a thickness (t) of 13.7 mm, and 1000 mm in length. Table 1 shows the 

mechanical properties of the X52 material used. 

Table 1. Mechanical properties of X52 steel 

E (GPa) σY (MPa) σF (MPa) υ KIC (MPa.m
0.5

) ΔKth (MPa.m
0.5

) C m 

200.02 436 579 0.3 53.36 7 3.3×10
-09

 2.74 

 

The boundary conditions limit the longitudinal displacement of one of the pipe ends, the lateral and radial 

displacements of a line on the pipe's outer surface, and the lateral displacement of a line on the pipe's inner 

surface (Figure 4). On the inner surface of the pipe, a distributed pressure (p) is applied. This pressure is 

expressed in terms of Maximum Operating Pressure (MOP), which is equal to 72 percent of the pipe material's 

yield strength. Because the loading varies between 0 MPa and a maximum value, the loading ratio R is 0. 

 

Figure 4. Boundary conditions of the finite element model 

The pipe mesh is created in three dimensions using tetrahedral elements. A sphere of influence refines the mesh 

around the crack with elements that are 0.5 mm in size and have a diameter that is 1.2 times the crack length. To 

reduce computation time, the remainder of the pipe is meshed by larger-sized elements. The fracture feature in 

ANSYS software is used to insert the longitudinal semi-elliptical crack.  

PARAMETRIC ANALYSIS 

The crack is assumed to be located on both the internal and external surfaces of the tube. For the crack analysis, 

various a/c dimensions are taken into account. The (a) parameter is the crack's depth, and (c) is its width. 

Because the crack is more damaging to the structure at high pressures, the pressure ranges considered in this 

study are 50% and 75% MOP. To allow for comparison, the initial crack for all of the tube cases involved in this 

study is 3.425mm, which corresponds to 25% of the tube thickness. The reason for this choice is that we want to 

compare the predictions obtained by all of the models in regions 2 and 3. As a result, the study focuses on the 

propagation phase of the crack until the structure ruptures. We should also mention that the results of the various 

models will be compared to those obtained by the Paris model, which is the most commonly used in the 

industry. 
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RESULTS AND DISCUSSION 

Table 2 shows the numerical results for external and internal cracks. These findings can be used to calculate the 

stress intensity factor for other crack depth values in order to predict the number of cycles to failure.  

Table 2. Numerical results of the stress intensity factor 

  Stress intensity factor: KI (MPa.m
0.5

) 

  External crack Internal crack 

a/c 
p 

a/t 
50% MOP 75% MOP 50% MOP 75% MOP 

0.4 

0.25 10.98 12.20 12.13 13.49 

0.4 16.03 17.97 17.01 19.07 

0.55 23.58 26.61 24.33 27.46 

0.7 38.61 43.72 39.02 44.18 

0.6 

0.25 8.48 9.45 9.37 10.45 

0.4 11.73 13.05 12.45 13.86 

0.55 15.99 17.92 16.51 18.50 

0.7 23.95 27.03 24.21 27.32 

0.85 47.10 53.34 46.83 53.03 

0.8 

0.25 6.74 7.43 7.45 8.21 

0.4 9.01 9.96 9.56 10.57 

0.55 11.49 12.74 11.86 13.15 

0.7 15.81 17.71 15.98 17.91 

0.85 29.02 32.83 28.85 32.63 

0.9 41.97 47.57 41.52 47.03 

Table 2 clearly shows that the number of crack depth values (a/t) measured for each a/c crack varies. This is due 

to the fact that if the stress concentration factor value exceeds the KIC value, the crack depth is no longer 

increased. In this case, failure is predicted. 

Table 3 displays the results obtained using all of the models considered in our study. Table 3 clearly shows that 

the effect of crack position has a non-negligible effect on the harmfulness of the crack defect but has nearly no 

effect on the observed difference between the different models and the Paris model. This is due to the fact that 

this parameter has an effect only on the results of the finite element model and that analytical models do not take 

this parameter into account. And, because all of these models use the same stress intensity factor values, it 

stands to reason that this parameter has no effect on the differences between them. 

All the models present deviations that decrease in a quasi-linear way with the increase of the dimensional 

parameter of the crack (a/c). 

Table 3. The results of different models in terms of fatigue life prediction when compared to the Paris model 

   
Fatigue life model 

 
p a/c 

Paris Forman McEvily Zheng Elber 

N N Dev. N Dev. N Dev. N Dev. 

E
x

te
rn

al
 c

ra
ck

 

50%MOP 

0.4 19887 18620 -6.37% 18750 -5.72% 19081 -4.05% 22360 12.44% 

0.6 47585 44865 -5.72% 45178 -5.06% 45976 -3.38% 52762 10.88% 

0.8 105270 99947 -5.06% 100644 -4.39% 102421 -2.71% 115104 9.34% 

75%MOP 

0.4 16998 15880 -6.57% 15482 -8.92% 15992 -5.92% 18634 9.63% 

0.6 40388 37998 -5.92% 37044 -8.28% 38264 -5.26% 43968 8.86% 

0.8 88727 84061 -5.26% 81950 -7.64% 84649 -4.60% 95920 8.11% 
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In
te

rn
al

 c
ra

ck
 

50%MOP 

0.4 19044 17829 -6.38% 17945 -5.77% 18234 -4.25% 21464 12.71% 

0.6 45687 42987 -5.91% 43353 -5.11% 43962 -3.77% 50982 11.59% 

0.8 101301 95792 -5.44% 96799 -4.44% 97964 -3.29% 111919 10.48% 

75%MOP 

0.4 16277 15206 -6.58% 14822 -8.94% 15312 -5.93% 17886 9.89% 

0.6 38854 36481 -6.11% 35558 -8.48% 36734 -5.46% 42485 9.34% 

0.8 85723 80887 -5.64% 78843 -8.03% 81449 -4.99% 93266 8.80% 

 Dev.: Deviation 

The effect of increasing the internal pressure of the tube has a very weak effect on the deviations obtained in the 

case of the Forman model, which is due to the fact that this model predicts the same slope of the curve of the 

crack propagation rate as the Paris model. It can be seen that increasing the internal pressure of the tube has a 

very significant effect on the results obtained from the McEvily model, which is due to the fact that this model, 

in addition to the mechanical parameters of the tube, considers a factor that causes the slope of the crack 

propagation curve to increase with increasing the loading of the structure. The Zheng model produces the closest 

results to the Paris model, but it should be noted that the effect of crack size on the prediction of the number of 

fatigue cycles of the structure is most pronounced in this model. In contrast to all of the other models, which 

predicted fewer cycles than the Paris model, the Elber model predicts more cycles. This is because this model 

takes into account the effect of crack closure, which slows the propagation of the crack. 

CONCLUSION 

The industry's most commonly used fatigue life prediction methods for cracked pipe have been presented. The 

dimensions of the pipe, the loading conditions, and the stress intensity factor, which characterizes the 

harmfulness of the defect in the pipeline, are used as parameters in these models. A numerical finite element 

model is used to compute this factor. 

To compare the predictions obtained from the various models, a parametric analysis was performed. The cracks 

are thought to be located on both the external and internal surfaces of the pipe and are of various sizes. The 

effect of the tube's internal pressure is also investigated.  This parametric study revealed that: 

- McEvily's model is the most sensitive to changes in internal pressure because it takes into account a factor 

that causes the slope of the crack propagation curve to increase as the structure's loading increases. 

- The crack size parameter has the greatest influence on the Zheng model, but it should be noted that the 

results from this model are similar to those provided by the Paris model. 

- Elber's model predicts a greater number of fatigue cycles, which equates to a lower crack damage estimate. 

This is due to the fact that this model takes into account the effect of crack closure, which slows the 

propagation of a crack. 

This study provided a better understanding of the main factors that influence the severity of a crack in a metallic 

pipeline. The analytical modeling can be tailored to the situation at hand based on these observations. This work 

will enable the creation of a database that will be supplemented by experimental results for use by an artificial 

intelligence algorithm. 
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