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 During service, oil and gas pipelines may be exposed to cyclical loads during service, which 
may lead to a structural failure. Failure is due in most cases to cracks in the structure. 
Mechanics of the propagation of surface cracks pose a serious challenge and, therefore, 
models are required to help analyze it. In this study, a nonlinear model is proposed to 
estimate the accumulation of fatigue damage in the case of defected pipes subjected to a 
water hammer. The studied pipes are in the presence of a semi-elliptical longitudinal 
surface crack. This numerical model allows the load sequence to be considered when the 
structure is under variable amplitude loading. The validated model is used in a parametric 
analysis, the purpose of which is to determine the influence of the fluid transported and the 
defect parameters on the evolution of the accumulated damage. The results allow the 
conclusion of the parameters that have the most impact on the harmfulness of the crack 
defect as well as the most dangerous cracks in the case of a pipe subjected to water hammer. 
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1. Introduction 

Oil and gas pipelines may be exposed to cyclic loads during 
service which could provoke failure. Failure of pipes could 
endanger human life, which is why manufacturers comply with 
very strict safety requirements. Nonetheless, the exploitation of 
welded structures still presents the risk of catastrophic failures. 
Failure is in most cases due to the existence of cracks at stress 
concentration zones such as inclusions, dents and weld defects [1]. 

Surface cracks, as well as inclusions, dents, corrosion damage, 
and cracks of the welding bead region, result in the most frequent 
defects in the welded structures. The propagation of surface cracks 
presents a substantial problem. Its mechanics need therefore to be 
studied after its initiation [2]-[4]. Possible crack propagation 
mechanisms of the welded structures, through the weld metal 
(WM), the base metal (BM) and the heat-affected-zone (HAZ), 
should be analyzed for safe operations [4]-[5]. 

Mechanical elements subjected to variable amplitude loading 
are susceptible to failure during operation because of fatigue. Load 
interaction takes place in this case [6]-[7]. When contrasted with 
the constant amplitude case, the applied sequence load could be 
responsible for accelerated or delayed crack growth [8]-[11]. 
Therefore it is necessary, in these conditions, to use an accurate 
and fast prediction method of fatigue life [12]-[13]. 

If sudden changes in pressure of the fluid occur in a pressurized 
system, then the defect of the pipe becomes even more dangerous 
[14]. When the flow velocity is changed sharply, the kinetic energy 
is forcibly converted into pressure energy that causes large and 
rapid changes in pressure inside the pipe. In the pipeline network, 
this pressure disturbance is propagated at high speed in a form of 
pressure wave [14]-[16]. 

The change in pressure caused by this effect, known as the 
water hammer, may lead to serious failures or leaks, particularly 
dangerous in the case of large transport systems [16]-[18]. The 
pipeline operators must characterize the level of risk associated 
with the threat once the defect has been identified, with the 
objective of making the right decision quickly [19]. This paper 
aims to propose a simple but effective nonlinear model to estimate 
the fatigue damage accumulation in longitudinal welded pipe 
structures subjected to water hammer wave pressures. This 
numeric model considers the effect of the loading sequence when 
the structure is under variable amplitude loading. 

After validation of the model against results in the literature, an 
analysis is carried out to assess the effect of several parameters on 
the evolution of the fatigue damage accumulation. This study takes 
into account the location of a semi-elliptical longitudinal surface 
crack (base metal, weld metal and heat affected zone), its 
dimensions, its position (internal and external) and the transported 
fluid (water, light oil and heavy oil). This study will also shed light 
on the most harmful crack defects. 
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2. Fatigue failure 

Fatigue is a process that, in the event of stresses or 
deformations varying over time, alters the local properties of a 
material. This may be magnified by surface irregularities, defects 
or structural discontinuities [20]. The major phases of structural 
fatigue failure are the formation of a crack called initiation, the 
steady propagation of crack followed by a rapid and unstable 
fracture of the structure [1], [3], [7]. 

In order to develop predictive capabilities, various theories 
have been advanced to characterize the fracture process, such as 
Linear Elastic Fracture Mechanics (LEFM) and Elastic-Plastic 
Fracture Mechanics (EPFM) [21]. LEFM is more appropriate for 
predicting material failure when the load response is elastic and the 
fracture response is brittle [22]. 

Fracture mechanics can be useful in predicting the life of 
components that are subject to time-dependent crack growth 
mechanisms. The cracking rate can be correlated with fracture 
mechanics parameters, such as the stress-intensity factor (SIF) and 
the critical crack size (aC). Failure can be estimated if the fracture 
toughness of the material (KIC) is known. 

Paris et al. [23] initially suggested that the crack growth rate 
(da/dN) could be associated with the stress intensity factor range 
(ΔK) if the material is subjected to variable loading of constant 
amplitude (1). The material coefficients (C) and (m) are obtained 
experimentally. 

        ( )    MAX M
m

IN
mda C K C K

dN
K= −= ∆                   (1) 

C, m: Paris law constants which depends on the material 
KMIN: Minimum stress intensity factor (MPa.m0.5) 
KMAX: Maximum stress intensity factor (MPa.m0.5) 

Several experiments have shown that the length of the crack 
varies exponentially as a function of the number of cycles [1], [4], 
[9]. From this, it can be concluded that crack growth is rather slow 
until the final phase of fatigue life, where a relatively short number 
of cycles could lead to rapid crack growth resulting in failure. The 
initial crack length appears to be a very significant parameter for 
fatigue life assessment. 

Numerous crack growth models have been suggested to predict 
the fatigue life of the structures. These models relate (da/dN) to the 
amplitude of stress or the maximum stress that can be expressed 
by the stress intensity factor. 

Paris' Law is the simplest fatigue crack growth equation that 
gives the rate of fatigue crack growth [23]. A modified form which 
uses the effective stress to account for the crack closure [24-25] 
can be written as in (2). 
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Crack closure is a fatigue loading phenomenon where, even if 
an external load is acting on the material, the contact is maintained 
between the opposite faces of the crack [7]. With an increase in 
load, a critical value of stress intensity factor (KOP) is achieved 
when the crack is “open” (Figure 1).  

Previous work by the authors [25] outlines the process of 
calculating the SIF where the correction factors for the analytical 
model have been introduced (2). These factors are used to enhance 
the results obtained in the case of high internal pressure and help 
to take into account the position of the crack (internal or external). 

This process will be used in this paper to propose a method for 
assessing damage caused by a longitudinal semi-elliptical crack 
present in a metallic pipe. This pipe is considered to be subject to 
variable amplitude loading (internal pressure) caused by the water 
hammer phenomenon. 

 
Figure 1: Crack closure effect 

3. Damage accumulation model 

Fatigue loading of pipeline structures varies by nature. Figure 
2 shows a typical operating pressure spectrum for a pipeline. 
During fatigue loading, the pipeline material undergoes alterations 
resulting in damage [26]-[28]. It is therefore essential that models 
explicitly take into account the variability of fatigue loading. 

 
Figure 2: Typical operation pressure spectrum 

The models used to describe fatigue-related damage 
accumulation can currently be classified into two categories: linear 
and non-linear approaches. Palmgren-Miner rule (3) is a linear 
damage accumulation approach that is widely used in engineering 
equipment because of its simplicity [29]. Damage (D) per stress 
level is estimated to be the ratio of the number of cycles (n) to the 
estimated lifetime of fatigue (N). Total damage is given by 
summing all estimated damage values. The summation should be 
equal to 1 or a given critical value as a failure criterion. 
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      nD
N

=                  (3) 

It is well known that the Palmgren-Miner Rule does not take 
into account the load sequences, load conditions and load 
interaction effects [30]. Many methods of fatigue damage 
accumulation have been suggested to fix the downside of this rule, 
and a large number of these models are based on nonlinear 
accumulation laws [31]-[33]. Load sequences and interaction 
effects are, in general, very important issues in the fatigue damage 
accumulation. 

The main purpose of this paper is to propose a nonlinear model 
for fatigue damage accumulation based on fracture mechanics 
parameters. In this numerical model, the effect of the load 
interaction is considered. This damage model is described in 
equation (4). The stress intensity factor (KI) and the crack depth 
(a) for a given stress level are estimated using a model developed 
by authors in [25]. This model allows the calculation of damage 
induced by a single pressure cycle and is defined as the maximum 
value between the ratio (a/t) and (KI/KIC), where (t) is the thickness 
of the pipe wall. 

The damage accumulation values vary between a minimum 
value and 1 (or a specified critical value). The minimum value 
corresponds to the damage value calculated with the initial crack 
size. The value 1 signifies the rupture of the pipe. 

         max ; I

IC

KaD
t K

 
=  

 
                (4) 

In the case where the value of 1 is caused by the ratio (a/t), it 
can be concluded that the propagation of the crack induces a leak 
in the structure. Otherwise, we will conclude that there has been a 
break (K/KIC ratio equal to 1). 

The model (4) alone does not allow to estimate the damage 
induced by an entire pressure spectrum. This model is intended to 
be used in an algorithm described in Figure 3. This allows the load 
interaction effect to be taken into account when the pipe is 
subjected to static or variable loading. 

The algorithm for calculating accumulated damage developed 
hereby is based on the work of Thun et al. [34]. They estimate the 
damage accumulation using an analytical model. In this paper, the 
approach is based on numerical calculation of the damage 
accumulation and is illustrated in Figure 3. In this Figure, the 
pressure peak (pi) is applied for (ni) cycles. This algorithm is 
developed using C language and permits to estimate the damage 
accumulation after the application of (Nb_Blocks) cycles. Each 
cycle comprises (k) pressure peaks. The pressure peaks correspond 
to the sudden variation of the internal pressure in the pipe due to 
the phenomenon of water hammer. 

The first step of the algorithm consist on calculating the 
damage (D1) due to the first pressure peak (p1) and the 
corresponding number of cycles (n1) is estimated using the 
proposed damage model (4). This damage (D1) is used to compute 
(N2,equ) that induce the same damage but this time using the second 
pressure peak ((p2) in this case). This step converts the previous 
damage into equivalent cycles. 

 
Figure 3: Damage accumulation algorithm 

To calculate the damage (D2) after the second pressure peaks 
(p2) (and the previous ones), the number of cycles (N2) for the 
second stress level is added to (N2,equ). The damage model (4), 
taking the dimensions of the crack and the constant amplitude 
pressure p2 for (n2+N2,equ) cycles as parameters, is used to estimate 
D2. 

The same steps apply for the following pressure peaks until 
reaching the last peak of the block.  As long as the value of the 
calculated damage does not exceed the critical value (here 1), the 
algorithm continue by resuming to the first pressure peaks and 
incrementing the number of cycles by 1 (one block equal to one 
cycle). The value of the estimated damage takes the previous 
damages into consideration on the basis of this concept. 

 It should be noted that, this model takes as input the pressure 
spectrum due to water hammer. This can be achieved by solving a 
system of equations that describes the transient flow of fluid in the 
pipe using the Method of Characteristics (MOC) [14, 17, 18, 25]. 
A more detailed study is led by authors in [25]. Only the results 
needed to build the study will be presented in this paper. 

http://www.astesj.com/
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4. Water hammer 

The water hammer is one of the most significant examples of a 
transient flow in pressurized pipelines. The history of the study of 
this phenomenon dates back to the 19th century [35]. The first 
approaches to mathematical formulation resulted in the most 
common formula that relates the variation in maximum pressure 
(Δp) to the change in fluid velocity before and after a sudden valve 
shift (Δv) [35] as mentioned in (5). Where (ρ) is fluid density, and 
(c) is wave propagation celerity. 

            p c vρ∆ = ⋅ ⋅∆                 (5) 

The above method is a useful description of the phenomenon 
from a practical point of view. In view of its simplicity, equation 
(5) has made it possible for transient flow cases in elastic pipes, to 
estimate the maximal pressure range due to the water hammer. 
This has been seen to be satisfactory for many years. While this 
formulation is still common, more complex and accurate 
descriptions of the phenomenon have been developed. 

The mathematical description of transient flow in pipelines is 
expressed by a set of two partial differential equations [14, 25, 35], 
i.e. the continuity equation (6), the momentum equation (7). It is 
applicable in the case of elastic pipe and describes the analytical 
pattern of the water hammer model for compressible fluid flow. 

            ² 0p Vc
t x

ρ∂ ∂
+ =

∂ ∂
               (6) 

      
 1 0
2 i

V VV p
t x D

λ
ρ

∂ ∂
+ + =

∂ ∂
               (7) 

Where: 
p: fluid pressure (MPa) 
V: Instantaneous fluid velocity (m/s) 
t: Time (s) 
x: One-dimensional axis (m) 
λ: Darcy-Weisbach friction coefficient 
Di: Internal pipe diameter (m) 

The method of characteristics (MOC), characterized by rapid 
convergence and high accuracy of estimation outcomes, can be 
used to easily resolve this partial differential equation system [36-
37]. In the computation, the initial conditions used are 
p0=56.05MPa and V0=1.2m/s. The value of p0 corresponds to the 
nominal pressure and V0 corresponds to the fluid velocity at the 
inlet of the pipe. 

The obtained curves, using the MOC, describe the pressure 
variation of the fluid within the pipe as time-based. Fatigue life can 
only be predicted through the proposed numerical approach using 
pressure variation against the number of cycles. In an earlier study 
[37], it is detailed about how to convert time-based pressure 
spectrum to pressure spectrum according to the number of cycles 
by applying filters. 

 In this way, the pressure spectrum caused by the water 
hammer phenomenon can be estimated when a valve is suddenly 
closed/opened. Thus, the effect of this dynamic load on crack 
defects in the metallic pipe is simulated and the time for calculation 
is greatly optimized. 

Three separate fluids are included in this study, their 
characteristics are shown in Table 1. Figure 4 shows the pipe 
dimensions. The pipe is made from the material API X52 with a 
Young modulus of 200GPa and a Poisson ratio of 0.3. As the 
pressure considered in this study does not exceed the specified 
minimum yield strength (SMYS), a linear elastic behavior of the 
material is considered. The friction factor λ is 0.019. 

Table 1: Characteristics of the studied fluids [25] 

Fluid ρ (kg/m3) C (m/s) 
Water 998,2 1366,03 

Light Oil 813 1463,21 
Heavy Oil 962 1105,13 

 

 
Figure 4:  Pipe dimensions 

Figure 5 indicates the outcome of that process for the three 
separate fluids when the valve opens and closes. The pressure 
drops to 26.85, 26.36 and 25.98 MPa during the sudden closing of 
the valves for water, light oil and heavy oil respectively.  

 
Figure 5:  Filtered water hammer pressure waves for three different fluids 

(One block of pressure spectrum) 
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The maximum pressures reached are 3.73, 4.34 and 5.14% 
higher than the nominal pressure (56.05 MPa) of the fluid for 
water, light oil and heavy oil respectively. The simple equation (5) 
predicts increases in pressure due to the effect of water hammer of 
2.43, 2.12 and 1.89% for water, light oil and heavy oil respectively. 

This shows that taking more proper method to estimate 
pressure variation in case of water hammer when estimating the 
life of pipes will allow more reliable results. These pressures 
spectrums represent one block of variable amplitude pressure 
range. This can be used to assess the effect of water hammer in the 
case of different fluids on the integrity of the pipe structure. 

The method used to calculate the pressure difference induced 
by water hammer provides results superior to those predicted by 
(5). Note that (5) does not provide any information on the cycles 
count until water hammer waves are attenuated. It is therefore 
important for industrialists to use a more accurate method, taking 
into account the effect of the water hammer. This is particularly 
important for the analysis of defects in highly pressurized pipeline 
structures. 

5. Validation study 

In order to validate the damage estimation approach proposed 
in this paper, we will compare the results obtained from our model 
with those published by Zoran [38, 39]. Pipe and fluids properties 
will be adapted for this purpose. 

The proposed approach will be compared in the case of the two 
types of loading: constant (Figure 6) and variable (Figure 7) 
amplitude loading. In both cases, the pipe contains an internal 
semi-elliptical crack in longitudinal orientation. Initial crack size 
is 0.4 mm for all cases with a ratio (crack depth / crack width) equal 
to 0.4.  In the case of constant amplitude loading, the evolution of 
the propagation of the crack is calculated for four internal 
pressures: 40, 50, 65 and 75MPa. The results are shown in Figure 
6. One can see from the Figure 6 that the evolution of the number 
of cycles as a function of the crack depth obtained from the 
proposed model follows that of the literature. 

 
Figure 6: Crack propagation vs. number of cycle in the case of constant 

amplitude pressure spectrum 

In the case of variable amplitude loading, Zoran [39] defined 
two types of loadings, one heavy and one medium. Five 
standardized pressure values (20, 35, 45, 60 and 70 MPa) are 
considered for each type of loading. 

In Figure 7, the references EP70, EP60, EP45, EP35, and EP20 
are kept the same from that of the literature. For example, in the 
codification EP70, 70 represents the equivalent pressure range of 
the pipe [39]. 

 
Figure 7: Crack propagation vs. number of cycle in the case of variable 

amplitude pressure spectrum 

As shown in Figures 6 and 7, the deviance between the results 
obtained from the model developed and those of the literature 
remain acceptable. Which validated the proposed model.  

6. Parametric study 

In order to study the effect of the water hammer on the severity 
of the crack defect in the pipe, 54 cases will be investigated. In all 
cases, the initial crack depth is the same and equal to 3.25 mm. A 
semi-elliptical surface crack is the defect being studied. 

The proposed algorithm (Figure 3) takes as input the pressure 
spectrum presented in Figure 5 to simulate a pipe transporting 
water, light oil and heavy oil. The crack dimensions (a/c) are 0.4, 
0.6 and 0.8. The ratio (a/c) corresponds to the ratio crack depth to 
crack width.  

The crack is considered to be located in the base metal, the 
welding metal and the heat-affected-zone. The parameters of the 
Paris Law (C and m) along with the critical stress intensity factor 
used for each zone are shown in Table 2. The process for obtaining 
the Paris Law and KIC parameters can be found in [40] and [41] 
respectively. The position of the crack (internal or external) is also 
being studied. 

Table 2: Material properties 

Material C[40] m[40] KIC [41] (MPa.m0.5) 
Base metal 3.3 e-09 2.74 53.36 

HAZ 1.13 e-09 3.25 53.36 
Weld metal 1.04 e-09 3.28 61.02 

http://www.astesj.com/
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7. Results and discussion 

Figures 8, 9 and 10, along with Table 3, present the results of 
the numerical damage estimation model developed and validated 
hereby. The curves show an exponential evolution of the damage 
until the rupture or leakage of the structure (when the damage 
accumulation is equal to unity). This is typical for the propagation 
of longitudinal cracks in the metal pipe under cyclic pressure. 

In order to obtain readable curves, Figure 8 groups together the 
evolutions of the damage accumulated only for the internal surface 
cracks present in pipes transporting water. This curve will allow us 
to evaluate the effect of the crack dimension on the evolution of 
the damage accumulation. Figure 9 contains the results of the 
accumulated damage for cracks of dimension (a/c) of 0.4 present 
in pipes transporting water. This will allow us to evaluate the effect 
of the crack position (internal or external) on the evolution of the 
damage. Figure 10 regroups the evolutions of the accumulated 
damage for the internal surface cracks of dimensions a/c of 0.4. 
This will allow us to evaluate the effect of the fluid transported by 
the pipeline on the evolution of the damage of the crack defect. 
Table 3 presents the number of cycles to fatigue for all of the 
studied cases. 

All the curves start with a damage value of 0.237, which 
corresponds to the initial crack depth (3.25mm) divided by the 
thickness of the pipe (13.7mm). This shows that for all the cases 
studied in this paper and for the first peak of the pressure spectrum, 
we obtain a value of (a/t) greater than (K/KIC). 

In the following, the lower value of the crack dimension is used 
as a reference for the calculation of the deviations (the results for 
a/c equal to 0.8 to calculate the deviation for the cracks a/c equal 
to 0.6 and likewise for a/c equal to 0.6 and 0.4). 

 
Figure 8: Effect of crack dimensions on the damage accumulation for water and 

internal cracks 

It can be noted from reading the Figure 8 that, for the cracks 
located in the base material, a drop of -54% in term of fatigue life 
if crack dimension a / c evolves from 0.8 value to 0.6. From a/c = 
0.6 to 0.4, a drop of -78.6% is observed. For the cracks located in 
the weld material, one notices a drop in fatigue life of -59.7% and 
-81.5% for respectively the crack with a/c dimension of 0.6 and 

0.4. In the case of crack located in the heat affected zone, one 
notices a fall of -59.4% and -81.3% for respectively the crack with 
a/c dimension of 0.6 and 0.4. These values of deviations are very 
close to those observed in the case of a crack located in the welding 
material. 

From these values of deviations, one can clearly see the 
important effect of the dimension of the crack and more precisely 
the ratio (a/c) on the fatigue lifetime. In fact, the lower the (a/c) 
ratio, the more harmful the crack. 

From Figure 9, and if we take this time as reference of 
deviations the values obtained for the internal surface cracks, we 
observe a difference of + 26.8%, + 31.5% and + 39.4% compared 
to external surface cracks for defects located in the base material, 
in the weld material and in the heat-affected area, respectively. 
This confirms the fact that internal surface cracks are more harmful 
than external cracks (with same dimensions), regardless of the type 
of load or the material in which it is located. 

 
Figure 9: Effect of the position of the crack on the damage accumulation for 

crack with a/c of 0.4 and water 

From a simple reading of Figure 10, we can notice that the 
evolution of the accumulated damage in the case of a cracked pipe 
transporting light oil is very close to that obtained for the pipe 
transporting heavy oil. 

Let us take as reference of calculation of the deviations the 
results obtained in the case of crack present in a pipe transporting 
water. There is a difference of almost -6.9%, -8.15% and -8.1% in 
terms of fatigue life between the values obtained for the pipe 
transporting water and the pipes transporting oil (light or heavy) 
for cracks located in the base material, the weld material and in the 
heat-affected area, respectively. 

This shows that the transported fluid has an effect on the 
evolution of the damage and therefore on the propagation of the 
crack. Admittedly, the effect of the fluid is not as pronounced as 
the other parameters studied. But if one seeks to obtain a precise 
evaluation of the damage induced by a defect on the structure, this 
parameter should not be neglected. 

Let us consider the case of an internal crack of dimension (a/c) 
of 0.4 present in a pipe transporting heavy oil. From Figures 8, 9 
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and 10 as well as Table 3, the crack defect in the weld material has 
a deviation of -54.5% in terms of fatigue life compared to a crack 
in the base material. By taking the same reference, the crack 
located in the heat affected zone presents a deviation of -53.39%. 

 
Figure 10: Effect of transported fluid on the damage accumulation for internal 

crack with dimension of 0.4 

It is concluded that the crack is much more harmful when it is 
located in the weld material or the HAZ than when it is located in 
the base material. The most harmful crack remains that located in 
the welding material. 

Table 3: Number of cycles to fatigue for all the studied cases 

  Number of cycles to fatigue (cycles) 
  Base Metal Weld Metal HAZ 
 a/c Int. Ext. Int. Ext. Int. Ext. 

W
at

er
 0,4 4531 5744 2118 2785 2168 3023 

0,6 21194 28211 11447 15846 11618 17009 

0,8 46117 64454 28382 41250 28600 43965 

Li
gh

t 
O

il 

0,4 4218 5453 1944 2607 1991 2831 
0,6 18790 25506 10006 14127 10161 15170 

0,8 38939 55498 23628 35024 23822 37344 

H
ea

vy
 

O
il 

0,4 3931 5093 1787 2409 1832 2618 

0,6 16677 22688 8760 12432 8904 13360 

0,8 32914 47016 19701 29354 19881 31322 
Int.: Internal cracks. Ext.: External cracks 

8. Conclusion  

A nonlinear model was proposed to estimate the accumulation 
of fatigue damage in cracked pipes subjected to water hammer. 
This model allows for the load sequence to be taken into 
consideration when the structure is subjected to variable amplitude 
loading, but can also be used in the case of constant amplitude 
loading. 

The model uses the pressure spectrum calculated using the 
method of characteristics as input. It is based on an algorithm that 
allows the load sequence to be taken into account. This algorithm 
uses a mathematical model of the stress intensity factor that 
incorporates correction factors. One factor is used to improve the 

accuracy of the results in the case of high stress, and the other 
allows the crack location (internal or external) to be taken into 
account. 

After validation of the model against results from the literature, 
it is used in a parametric study. The objective of this study is to 
evaluate the effect of certain parameters on the evolution of 
accumulated damage with the number of fatigue cycles. These 
parameters are the fluid transported by the pipe (water, light oil 
and heavy oil), the position (external and internal), the dimension 
(expressed by the ratio depth of the crack to the width of the defect) 
and the location of a semi-elliptical crack (base metal, weld metal 
and heat affected zone). These are the parameters that have the 
greatest impact on the harmfulness of the crack defect. 

On the basis of the results achieved, the significant effect of the 
crack dimension and, more precisely, the ratio (a/c) on 
accumulation damage can be clearly seen. In fact, the lower the 
ratio (a/c), the more harmful the crack is. Internal surface cracks 
are found to be more harmful than external cracks, regardless of 
the type of load or material in which they are located. When 
located in the welding material or in the heat-affected zone, the 
surface crack is far more harmful than when located in the base 
material. The most harmful crack is the one in the welding metal. 

The effect of the transported fluid is not as pronounced as the 
other parameters studied, but this parameter should not be 
neglected if the objective is to obtain a precise assessment of the 
damage caused by a structural defect. 

This model will be used in further studies to analyze the effect 
of other types of crack defects on the integrity of a pipe structure 
subjected to a water hammer or even a high internal pressure. 
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