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A B S T R A C T  
 

 

In the present paper, the numerical modelling to predict the interface damage of weld defect in a steel 

pipeline was studied. This work focused on determination of the maximum operating pressure and the 

characterisation of mechanical behaviour at a weld-base metal interface. The operating pressure can 
fluctuate leading to the phenomenon of fatigue and consequently to the failure of pipeline. Experimental 

investigations were carried out using non-destructive test (NDT) in order to locate and determine size of 

defects. A bilinear interface decohesion model is used to simulate the damage behaviour considering a 
stress-relative displacement laws. Numerical simulations based on the finite element method were used 

to study the influence of size defects and young's moduli ratio on the operating pressure as well as 

interfacial damage between the weld and base metal. The obtained results showed that the interface 
damage depending on shape and material properties of defects has an impact on pipeline safety and 

integrity. 

doi: 10.5829/ije.2022.35.12c.09 
 

 
1. INTRODUCTION1 
 

Weld defect is one of the most significant threats to 

onshore pipelines that can have consequences for 

environment due to the dangerousness of transport fluids. 

These macro-defects result from the micro-defects 

growth due to internal pressure [1-3]. Micro-defects are 

incorporated during the welding procedure. There are 

many types of welding defects that affect the 

performance of a product such as incomplete penetration 

(or lack of penetration), porosity, cluster porosity, 

incomplete fusion, suck back, cracks, undercut, slag, etc. 

Inspection of welded joints may be done using 

destructive methods (such as tension, shear, or bending 

tests) or non-destructive methods. The non-destructive 

testing methods that are typically used for the inspection 

of weldments include visual inspection, dye penetrant 

inspection, magnetic particles inspection, radiography 

and ultrasonic inspection [4]. Eshtayeh et al. [5] have 

shown that the digital image correlation (DIC) method 

can be successfully and easily used as a non-destructive 

inspection tool for detecting internal defects in welded 

joints which cannot be detected using visual inspection. 

 

* Corresponding author Email: said.talouti@yahoo.com (S. Talouti) 

The DIC method is capable of detecting the existence of 

different types of welding defects such as incomplete 

penetration, incomplete fusion, slag inclusion, cluster 

porosity, and such back as well as the apparent linear size 

of the defect. 

Deivanai and Soni [6] concluded that the NDT can be 

applied on all type of materials including composite 

materials and allowed to identify surface subsurface and 

internal defects ensuring quality of materials and joining 

processes without destroying them. The effect of defect 

on toughness behaviour of pipeline steels is studied by 

Vijay Kumar Dalla [7] using facture and failure analysis. 

The authors showed that fracture toughness is reduced by 

68 % due to influence of microstructure. Pipeline failure 

also depends on cycling loading due to the operating 

pressure of the fluids and corrosion [8-10]. Many 

methods have addressed accessing fatigue life 

performance, like empirical model using a safe-life 

approach, fracture mechanics method, and statistical 

based on probability models [11-13]. Damage by pitting 

corrosion of the surface areas of the local oil and gas 

pipelines was identified and numerically analysed by 

Maruschak et al. [14, 15]. They concluded that the 
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decrease of the structural strength of oil and gas pipelines 

is due to reduction of the cross section, caused by 

corrosion; softening because of stress relaxation; 

formation of defects, such as micro cracks; and fragility 

influenced by hydrogen action. Also, they demonstrated 

that increase in fatigue crack length is accompanied by 

the increase in the size of plastic deformation zone near 

the crack tip that makes the transition from the quasi-

brittle failure to the fatigue one with the formation of 

fatigue striations. It is known that crack initiation and 

propagation can be occurred at the weld defect and base 

metal interface. Debonding of the interface is one of an 

undesirable failure mechanism. This paper presents the 

analysis of numerical modelling based on the indirect use 

of fracture mechanics to determine the behaviour of weld 

defect – pipeline interface. The model is based on NDT 

method to detect metallurgical defects that could 

represent a potential source of damage. Both approaches, 

NDT and numerical, offer an alternative to the 

destructive methods such as hydrostatic test to predict the 

interface damage that causes failure of pipeline. 

Our study focuses on the interface damage of a weld 

defect which is supposed to have a spherical shape, 

embedded in a matrix of a micro-alloyed steel gas 

pipeline. The interface model assumes a bilinear 

softening behaviour of the interfacial provided with 

stress-relative displacement laws. This work is carried 

out using the finite element code (ANSYS) in association 

with a house program to simulate decohesion at the 

interface (inclusion/matrix) and its effect on the 

macroscopic behaviour of the structure. 

 

 

2. NUMERICAL MODELING 
 
Gas pipelines are obtained by welding operations from 

sheets. The molten pool created during welding operation 

is characterized by a very complex thermophysical 

processes involving thermal, convective, chemical and 

electromagnetic phenomena depending on the nature of 

the process used [11]. These convection movements of 

the liquid or gaseous metal significantly influence the 

shape of the weld bead and the heat transfers can induce 

defects such as inclusions or porosities. These defects are 

generally too small to be detectable by the non-

destructive method, called NDT [12]. Generally, failure 

results from the germination, growth and coalescence of 

defects at the microscopic scale. These cavities originate 

from inclusion/matrix decohesion [13, 15]. The model 

used for the numerical simulations is composed of an 

incompressible matrix and a cavity possibly filled by a 

spherical inclusion. The matrix represents the 

representative elementary volume of a pipe in which the 

defect is embedded. This matrix is supposed to be 

elastoplastic, whereas the material which constitutes the 

inclusion can be purely elastic in the case of rigid defects 

or elastoplastic in the case of ductile defects. The 

inclusion that represents the defect is initially assumed to 

be perfectly spherical [16]. The matrix behaviour 

subjected to an internal pressure is studied under a pure 

tension loading [17, 18]. Due to the symmetry, only a 

quarter of body is modelled. The following boundary 

conditions were chosen: constraints on one side of the 

matrix – inclusion and an applied displacement on the 

other side, as shown in Figures 1 and 2. 

Taking into account the symmetry of the structure, we 

mesh only a quarter of model. The structure has been 

discretized using a four-node quadrilateral element mesh 

for both matrix and inclusion, as shown in Figure 3. The 

inclusion is assumed to have a spherical shape embedded 

in a matrix of X65 pipeline steel. The displacement was 

imposed in the tangential direction due to the value of the 

tangential stress (hoop stress) which is equal to the 

double of the axial and radial stress ( 

radialaxialhoop  22 == ).  

The main inclusions present in X65 steel of this study 

are the tungsten and copper inclusions coming from the 

TIG and MIG welding process, respectively [19, 20].  

The proposed interfacial damage model is considered 

as a two dimensional entity, taking into account two 

decohesion modes which ensure traction stress n  and 

shear stress nt  [21, 22]: 

 

 

 

Figure 1. Weld defect as an inclusion and matrix model 
 

 

 
Figure 2. Applied boundary conditions 
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Figure 3. Finite element model 
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The interface behaviour can be described by a bilinear 

relationship between the traction and relative 

displacement (see Figure 4) 

The interface model (Equation (1)) is reconsidered as 

a plasticity criterion with softening: 
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Figure 4. Bilinear interface decohesion model  

 represents the relative interfacial displacement.   
Considering a bilinear behaviour of the interface [23] 

See Figure 4, the term ( )un
  can be expressed as follows: 

( ) ( )uu nn  −= 1
    with  0      (5) 

The parameter   is derived from critical energy GC that 

represents the surface under the curve (Figure 4) [24]: 
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e denotes the thickness of the interface. 
The relationship (3) shows that when ( )f  reaches 

the threshold 
n
  ( 

0 =  corresponds to  0=u  and  u  

will be calculated from the relationship 5). At this 

moment, we have an initiation of the decohesion at the 

interface. The decohesion is complete when ( )un


 

reaches a zero value for interfacial displacement (
r = ) 

threshold of total decohesion and opened surfaces are 

completely free of stresses. 

To develop an interface model damage, it is assumed 

that the mechanical behaviour of the interface ( ) −n
  

follows the law described in Figure 4, where 
0 =  et  

r =  correspond to the displacements obtained for the 

maximum stress 
n


 and at the final rupture of the 

interface when the stress vanishes. A damage variable 

can be expressed as follows [25-27]: 
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Taking into account the damage, the behaviour of the 

interface is given by the following relations: 
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where kn and kt are the stiffnesses of the interface in the 

normal and tangential direction. dn and dt are the 

interfacial relative displacements (see Figure 4). To 

illustrate the progression of interfacial decohesion, when 

d= 1 describes total decohesion which means that the 

absolute value of the interlaminar stress vector is reduced 

to zero. 

 

 

3. APPLICATION OF THE METHOD 
 

Recent developments in digital image processing and 

computer vision have enabled the introduction of a new 

automated vision system for the detection and evaluation 

of gas pipeline weld defects from radiographic films. 

This new system makes it possible to detect welding 
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defects and estimate the necessary information such as 

the length, width, area, orientation, angle and perimeter 

of the defects. It offers many advantages such as 

eliminating the need for image interpretation by 

specialist inspectors and the ability to enhance captured 

images so that defects appear much clearer (see Figure 5) 

[28]. 

Among the welding defects, taken within the 

framework of this study, the inclusions of tungsten and 

copper resulting from the processes of welding TIG and 

MIG respectively. Tungsten particles embedded in welds 

(Generally GTAW only) are very hard and can cause very 

intense local residual stresses. These defects come from 

too small tungsten electrodes, too high and amperage, AC 

balance on +, Upslope too high, electrode tip not snipped, 

electrode dipped into the weld pool or touched with the 

fill rod, electrode split. These tungsten inclusions are 

detected by x-ray and show up as bright particles since 

they are much denser than the steel (see Figure 6).  

 

 

 

 
Figure 5. Captured radiographic image [24] 

 
 

 
Figure 6. Tungsten inclusions 

It can also happen that copper inclusions enter the 

weld pool. This is the case when copper welding 

consumables come into contact with the weld pool, or 

when the copper gas nozzle comes into contact with the 

weld pool or the seam preparation side. Copper 

inclusions are extremely difficult to detect with non-

destructive testing. These inclusions cause embrittlement 

of the weld. The previously developed decohesion model 

has been translated into APDL language and 

implemented in the ANSYS finite element code. The 

interface was modelled using the CZM interface element 

[29]. Interface surfaces are represented by a special set of 

interface elements or contact elements. In the case of 

CZM, decohesion is treated as a progressive phenomenon 

in which cohesive tensile separation takes place across a 

cohesive zone. The extension of this cohesive zone in 

front of the crack tip is modelled using the tensile 

separation laws (also called the cohesion law) which 

links the cohesive stress to the separation in the process 

zone. First, we studied the effect of Young's modulus of 

the inclusion on the macroscopic behaviour of the 

structure. In a second step, the effect of inclusion size was 

considered to highlight this parameter on the global 

behaviour of the structure. The defects are embedded in 

a matrix of API 5L X65 pipeline steel [30] (see Table 1). 

To highlight the effect of mechanical resistance of the 

inclusion on the macroscopic behaviour, we have 

examined several ratios: Young's modulus of the 

inclusion / Young's modulus of the matrix (Ein/Emat).  

In the case of a ratio (Einc/Emat=0.7), Figure 7(a) shows 

that the deformation of matrix and inclusion is 

homogeneous and the decohesion is small compared with 

the ratio Einc/Emat =3.5 in Figure 7(b). In this Figure 7(b), 

the decohesion is important at the tops of the inclusion; 

this is due to the rigidity of the tungsten inclusion; the 

deformation is inhomogeneous. This shows that the 

decohesion is more important for a hard inclusion 

(Einc/Emat =3.5) than a ductile inclusion (Einc/Emat=0.7). 

This behaviour leads to anisotropic damage at the 

interface. 

Figure 8 shows the effect of inclusions of different 

resistances on the macroscopic behaviour. We clearly see 

the effect of Young’s moduli of the defect, i.e. of the 

inclusion, on the macroscopic level. When the inclusion 

is hard with a high elastic modulus, the initiation of its 

interfacial damage occurs for lower stress levels 

compared to softer inclusions (Figure 8). It should be 

noted, after initiation of damage (critical zone), that the 

curves representing the hard inclusions are characterized 

by a strain hardening more important than the ductile 
 

 

TABLE 1. API 5L X65 mechanical properties 

Young’s 

modulus 

Poisson’s 

ratio 

Yield 

strength 

Tensile 

strength 

210 (GPa) 0.3 450 (MPa) 535 (MPa) 

Defec

Particles 

https://weldingacademy.online/2020/09/08/embrittlement/
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(a) Inclusion of tungsten 

 
(b) Inclusion of copper 

Figure 7. Damage behaviour at matrix-inclusion interface 
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Figure 8. Effect of inclusion strength on macroscopic 

behaviour 

 

 

inclusions. This can be explained by the great resistance 

that a hard inclusion opposes to zones A and B when it is 

subjected to the compression caused by the matrix during 

external static loading. This behaviour leads to 

anisotropic damage at the interface. The effect of 

dynamic loading on changes in the mechanical properties 

and crack resistance of the pipe steel has been studied by 

Chausov et al. [31]. 

Figure 9 shows the effect of defect strength (Young's 

modulus of inclusion) on interfacial damage pressure. It 

can be noted, from Figure 7, the decohesion is higher for 

hard inclusions (Eincl/Emat > 2) causing failure of structure 

if hydrostatic test is performed. From a ratio Eincl/Emat 

higher than 5, defects cannot withstand fluctuations of 

operating pressure as function of time. The defect of 

tungsten with a ratio equal to 3.5 (TIG welding) cannot 

withstand the hydrostatic test.  

The propagation can cause the variation of the 

operating pressure. While in the case of copper defect 

(MIG welding) with a ratio equal to 0.7, the structure can 

withstand to the hydrostatic test. 

Figure 10 highlights the influence of defect size on 

the interfacial damage between the inclusion and the X65 

matrix. This figure shows the behaviour of copper and 
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Figure 9. Interfacial damage pressure values for inclusion of 

radius 5m 
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Figure 10. Interfacial damage pressures for tungsten and 

copper defects   
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tungsten defects for different sizes. It is observed that at 

small size defect, the operating pressure is high due to the 

toughness of inclusion, but at greater size defect, the 

operating pressure is small because of the ductility of 

inclusion. In conclusion, we can say that the damage of 

matrix – inclusion interface occurs rapidly for a hard 

inclusion than for a ductile inclusion. 

 

 

4. CONCLUSION 
 
In the present work, numerical simulation associated with 

NDT method has shown that it could replace destructive 

methods such as hydrostatic test to predict the failure of 

pipeline. Numerical results using interface model have 

been presented to predict the damage process at a matrix 

weld defect interface. This damage model was based on 

the indirect use of fracture mechanics considering a 

softening stress-relative displacements law. Different 

size defects and young's moduli ratios were used and a 

numerical predicted was developed to separate the failure 

and safe zones for damage of matrix - weld defect 

interface. For lower young's moduli and size defect 

ratios, no failure of structure was observed if hydrostatic 

test is performed. An excessive rise young's moduli and 

size defect ratios has not an impact on the rupture of 

structure. Not only the elastoplastic properties of the 

affected material (degradation of elastic moduli, decrease 

in elastic limit, etc.), but there is also a significant 

softening effect on the macroscopic behavior as well as 

anisotropy. The results obtained show that the rigid 

interfaces fail rapidly, while the soft interfaces, in spite 

of a weakening effect of the material, have a slow fail. 

This approach, numerical modelling associated with 

NDT method, will certainly be more economic than 

hydrostatic test. 
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Persian Abstract 

 چکیده 
  از   غیره  و  مخازن  فشار،  تحت  مخازن  استاتیک،  تجهیزات   کشی،  لوله  ها،  لوله  متمرکز،  های  سازه:  جمله  از  مقررات   مشمول  تاسیسات   تحقق  از   پس  هیدرواستاتیک  های  تست

  مرجع )  ARH  نماینده  ضروری  حضور  در  و   شود  می  تضمین   سرویس  فشار  برابر  1.5  فشار  با  هیدرواستاتیک   آزمایش  با   اغلب  ها  جوش  بازرسی.  است  برخوردار  باالیی  اهمیت

 برای   هیدرواستاتیک  آزمایش  و  ها  جوش صحیح  اجرای  تأیید  برای(  مخرب   غیر  تست)  NDT  بازرسی  تحت  فشار  تحت  تجهیزات .  شود  می  انجام(  ها  هیدروکربن  کننده  تنظیم

.  دهند   قرار   هیدرواستاتیک  تست   بخش  اختیار  در   را   ها   آن  تا   شوند  می  مواجه  تجهیزات   جداسازی   در  زیادی   های  محدودیت  با   ها  تکنسین .  گیرند  می   قرار   آنها  یکپارچگی   تأیید

 های تکنیک   که  است  این  دادن  نشان  کار  این   از  هدف.  است   شده  داده  جوش  های  سازه  مدیریت  برای  واقعی  ناراحتی  یک  هیدرواستاتیکی  آزمایشات   که  است  واضح  کامالً  بنابراین

  سازی   شبیه  برای  Ansys  کد  در  APDL  در  ای  برنامه.  باشند  هیدرواستاتیکی  هایآزمایش  جایگزینی  برای   جایگزین  حلراه   یک  توانندمی  عددی  هایسازیشبیه   با  NDT  بازرسی

 .است شده سازی  پیاده و یافته توسعه سازه ماکروسکوپی رفتار  بر آن تأثیر  و( ماتریس/شامل) رابط وابستگی
 

 


