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 Abstract 

This paper presents the outcomes of quality tests conducted on specimens, both smooth and V-notched, 

subjected to uniaxial tension, which were extracted from a gas transport pipeline. The introduction of 

the V-notch introduced variations in the stress and strain component fields near the plane of maximum 

constriction, consequently leading to their failure through different mechanisms. The process included 

the implementation of quality management practices such as numerical modeling and simulation of 

the loading of the specimens using ABAQUS. The material model employed in these calculations was 

defined and verified to ensure quality control. Subsequent to the numerical calculations, maps of the 

stress and strain component fields were generated, contributing to the quality assessment of the spec-

imens. It was determined that the quality management process for the smooth specimen identifies the 

initiation of failure primarily due to the normal stress component in the central region of the plane 

with the largest constriction. In contrast, in the V-notched specimen, quality management efforts re-

vealed that failure initiation occurs due to the tangential stress component, and failure proceeds 

through the shear mechanism. These results are valuable in developing a quality-driven methodology 

for monitoring the operational safety of gas network pipelines, primarily based on the analysis of 

acoustic emission signals. 
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1. Introduction and literature review 

Of predominant importance for ensuring the safety of trans-

mission of the medium and the economic aspect of mainte-

nance of the gas infrastructure is, performed as part of mainte-

nance work, the diagnostics of the technical condition of gas 

pipelines. An important part of the broader management of gas 

transport networks is to know the current condition of the 

pipeline material after a given period of operation. An accurate 

determination of the technical condition of the pipeline makes 

it possible to avoid costly and unnecessary stoppages in gas 

transport and unjustified replacements of pipe components 

(Zhao et al., 2002, Sharma et al., 2021).  

Practice shows that it is impossible to achieve safe and long-

term operation of linear pressure infrastructure without having 

reliable information about their actual condition. However, in 

order to properly assess the condition of a component, it is 

necessary to know the processes that affect the reduction in 

service life during its operation, to know the damage mecha-

nisms and to be aware of the varying intensity of their occur-

rence under different operating conditions. Properly planned 

testing, prevention and condition monitoring carried out on the 

basis of the most up-to-date engineering knowledge are there-

fore essential. It should also be borne in mind that the diagno-

sis and assessment of the technical condition of gas pipelines 

should be carried out according to a structured system in 

which the type and extent of testing are a logical consequence 

of the analysis carried out (Zhao et al., 2002). 

The primary objectives for the diagnostic system are to as-

sess the actual technical condition and to determine the 
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prospects for further safe operation, including outlining the di-

rection of possible upgrades to extend the life of the equip-

ment. Diagnostic testing should be closely linked to forecast-

ing, so it requires the selection of testing methods that, in 

addition to determining the actual condition at a given point in 

time, also offer the possibility of predicting the material be-

havior of components (Gumen et al., 2021; Parlak and Yava-

soglu, 2023, Kosiń and Pawłowski, 2017, Piątkowski et al., 

2020) over a relatively long period of further operation, under 

given operating conditions. Comprehensive testing methods 

can be used to determine the condition of a gas pipeline (Świt 

et al., 2022). 

This paper proposes the implementation of a hybrid ap-

proach to the analysis of gas pipeline material: complementing 

the experimental results with the results of numerical simula-

tions. The implementation of numerical simulations allows the 

determination of stress distributions, strains, stress triaxiality 

factor in the analyzed gas pipeline material, even after a cer-

tain period of operation. The numerical simulation method can 

solve any case with any geometrical conditions and any 

boundary conditions, using the computing power of comput-

ers (Alzyod and Ficzere 2023, Castillo et al., 2021; Karkowski 

and Grondys, 2021; Bokůvka et al., 2018; Fan et al., 2023, 

Bokůvka et al., 2018; Benhamena et al., 2023). The results of 

numerical simulations are within the limits of engineering ac-

curacy. On the basis of the numerical results obtained, it is 

possible to develop conditions (criteria) to approximate under 

which circumstances a stress state will occur in the material. 

The proposed research methodology is in line with the local 

way of describing material destruction - taking into account 

the size distributions of the mechanical fields in the areas of 

the material with the highest strain. 

Numerical analyses are increasingly used in the field of gas 

infrastructure research. Starting from the essence of the crack 

growth phenomenon, Misawa (Misawa et al., 2011) estab-

lished a mathematical model of underground pipeline crack 

growth based on specific experimental data, which allows it-

erative calculations of pipeline deformation and crack growth. 

Song and Belytschko (Song and Belytschko, 2009) simulated 

the cracking and crack propagation process of a thin-walled 

cylindrical shell under internal explosive loading using an ex-

tended finite element method, which has good agreement with 

experimental results. Mitsuya (Mitsuya et al., 2013) calculated 

the dynamic stress intensity factor in crack propagation using 

the finite element method, obtaining the stress distribution in 

the region near the crack tip. Fonzo (Fonzo et al., 2006) simu-

lated a full-scale blast experiment, the development of high-

pressure tubes with internal air. Yang Xiao-Bin (Xiaobin et 

al., 2008), based on three linear pressure modes, investigated 

the dynamic expansion of a rich gas pipeline rupture using a 

finite element computational model. Shuai Jian (Jian et al., 

2004) established a finite element model for dynamic pipeline 

rupture elongation and simulated the rupture using knot re-

lease technology. 

This paper presents an experimental-numerical analysis of 

the fracture process of smooth and sharp-notched specimens 

taken from a gas transport pipeline. The aim of this research 

was to determine the failure mechanism of the specimen 

depending on the stress-strain field present. The research pre-

sented here is the first part of a study carried out to develop 

a method for monitoring the metal condition of gas pipelines 

based on the analysis of acoustic emission signals.   

2. Materials and testing methods 

In this study, specimens from steel taken from a gas 

transport pipeline were tested. The steel was characterized by 

a ferritic-pearlitic microstructure with a grain size of 7 - 12 μm 

(Fig. 1). In the microstructure image, structural banding, char-

acteristic of structural steels in the normalized state, can be 

observed. 

 

 

Fig. 1. Ferritic-perlitic microstructure of the analysed steel 

(x1000) 

The material's strength and plasticity characteristics were 

determined by uniaxial tensile testing. The tests were carried 

out in accordance with PN-EN and ASTM standards (ASTM 

E8 / E8M-16ae1, 2016; PN-EN ISO 6892-1:2020-05, 2019). 

The tests were carried out at +20°C on a UTS/Zwick 100 test-

ing machine, equipped with automated control and data re-

cording systems. Specimens were loaded to failure. During the 

test, the force signal F and the elongation of the measuring 

part of the specimen uext were recorded. An extensometer with 

a measuring base of 25 mm and a resolution of 0.001 mm was 

used to record the elongation signal of the specimen. Based on 

the data obtained for the smooth specimen, the strength and 

yield characteristics of the steel analyzed were determined 

(Table 1). The nominal and true stress-strain relationships are 

shown in Figure 2a. 

In order to comparatively analyze the influence of the stress 

and strain field distributions, specimens containing a V-notch 

were additionally tested (Fig. 2b). The diagrams of the speci-

mens and the force-displacement relationships are shown in 

Fig. 2b. The influence of the notch on the load curves can be 

seen in the diagrams. The introduction of the notch on the 

specimen resulted in an increase in the level of the maximum 

loading force and a significant reduction in the elongation 

value. 
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Table 1. Strength and plasticity characteristics of the analysed steel  

Char-

act. 
σYS_L/σYS_H 

[MPa] 

σUTS 

[MPa] 

E 

[GPa] 

A5 

[%] 

Z 

[%] 

nomi-

nal 
384/395 520.71 199 

27.30 71.24 

true 390/400 613.10 200 

 

a) 

 
b) 

 

Fig. 2. Experimental results: a) nominal and true stress-strain re-

lationship, b) the dependences of load-displacement and sche-

matics of the specimens analysed 

3. Numerical modeling and load simulations 

The data recorded during the experimental tests served as 

the basis for the numerical tests. 3D modelling of the speci-

mens, simulation loading and calculations were carried out in 

Abaqus ver. 6.12-2. 

Numerical models of specimens identical to those used in 

the experimental studies were developed. Using symmetry, ¼ 

of each specimen was modelled. This allowed the number of 

nodes in the model to be reduced and the loading time to be 

reduced. An 8-node, three-dimensional finite element (type 

C3D8R) was used to build the mesh. In the numerical models, 

the mesh was compacted as it approached: the modelled notch 

(V-notch specimen) or the center surface (smooth specimen). 

The choice of finite element size and mesh densification vari-

ation were preceded by preliminary tests to obtain conver-

gence of the results obtained. The smooth specimen model 

was divided into 6048 finite elements and the V-notched spec-

imen model into 9642 finite elements. The boundary condi-

tions assumed:  

• on the wall perpendicular to the Y axis: blocking of 

displacements in the Y direction and rotation in the X 

and Z directions;  

• on the wall perpendicular to the X axis: blocking of 

displacements in the X direction and rotation in the Y 

and Z directions;  

• on the wall along the Z axis: blocking of displace-

ments in the Z direction, rotation in the X and Y di-

rections (Fig. 3). 

The loading was simulated by means of a displacement of 

the end of the specimen in the Y-axis direction, whose values 

were set identical to the experimental ones. Stress and strain 

values were recorded at characteristic points in the loading di-

agrams (yield stress, 0.5(σYS+σUTS), Fmax, in the middle of 

neck formation, just before failure). 

a) 

 

b) 

 

Fig. 3. Numerical specimen models: a) smooth, b) V-notched 



GRZEGORZ ŚWIT ET AL. / PRODUCTION ENGINEERING ARCHIVES 2023, 29(4), 444-451 

 447                                                                      ARCHIWUM INŻYNIERII PRODUKCJI 

 

A very important aspect in the preparation of numerical 

models of elements is the development and application of the 

correct material model- the true stress-strain relationship (con-

stitutive relationship). Particular attention should be paid 

when analyzing a material with a significant level of ductility 

and when there are local sources of stress concentration (e.g. 

occurrence of notches). In the work of Wierzbicki, Bai, Bao et 

al. (Bai and Wierzbicki, 2008; Bao and Wierzbicki, 2004; 

Cravero and Ruggieri, 2007; Wierzbicki et al., 2005) and 

Neimitz and co-workers (Neimitz et al., 2018), a procedure for 

calibrating a material compound using a plasticity function 

was proposed. This function characterizes a curve that is lo-

cated between contours in the deviator plane, in the principal 

stress space. The contours are derived from the assumptions 

of the strength hypotheses: Huber-von Mises (circle) and 

Tresca (hexagon) (Perić and Neto, 1999). In the proposed pro-

cedure, the size distributions of the numerically determined: 

stress components, strains, the stress triaxiality parameter and 

the Lode parameter are taken into account. For highly ductile 

materials, it is particularly important to introduce the material 

weakening determinant term proposed by Neimitz and co-

workers (Neimitz et al., 2018). The introduction of a calibra-

tion of the constitutive relationship with the weakening term 

allows a very good agreement between the force-extension 

curve obtained experimentally and that determined numeri-

cally.  

When defining the true stress-strain relationship from a uni-

axial tension diagram, two sections are considered- the section 

where the material deforms uniformly and the section where 

neck formation takes place. The first section contains the elas-

tic deformation and plastic sections, where the true stresses are 

calculated from the nominal ones according to the formulae: 

𝜀𝑡 = ln⁡(1 + 𝜀𝑛𝑜𝑚) (1) 

𝜎𝑡 = σ𝑛𝑜𝑚(1 + 𝜀𝑛𝑜𝑚) (2) 

 

 The elastic part of the material model is defined by the val-

ues of Young's modulus and Poisson's ratio. For materials with 

a significant level of ductility, it is additionally required to de-

termine the critical stress and strain values. The critical strain 

level of a material was estimated by measuring the elongation 

of ferrite grains in a smooth tensile specimen at ~275% (Dzi-

oba and Lipiec, 2019). The true stress-strain relationship at the 

neck forming section was presented as a power law (see Fig. 

4a), the parameters of which were selected iteratively, aiming 

for the best agreement between the experimental and numeri-

cal load curves (force-elongation) (Fig. 4b). When good agree-

ment between the load curves was achieved, the material 

model was considered to provide valid results for the numeri-

cal simulations. Details on the methods used to define the ma-

terial model for numerical calculations are presented in (Buc-

chi et al., 2022; Neimitz et al., 2018). 

 

 

a) 

 
b) 

 

Fig. 4. Preparation of the material model for numerical calcula-

tions: a) true relationships, b) experimental and numerical load 

curves for the smooth specimen 

4. Results and discussion  

As a result of the numerical calculations carried out, the 

stress and strain fields occurring in the material of the speci-

mens analyzed were determined. 

Figures 5a and 5b show maps of the distributions of the 

stress components. Figures 6a and 6b show the strain compo-

nents for the loading stage at which advanced neck develop-

ment occurs. Figures 8a and 8b show the max values of the 

stress components at different loading stages of the specimens. 

 According to the maps of the stress tensor component σ22 

(in the tensile direction), a higher stress level is appropriate for 

the smooth specimen compared to the V-notched specimen. 
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At fracture, the max values reach 1400 and 1000 MPa, respec-

tively. In the smooth specimen, the maximum σ22 values occur 

in the central part of the plane of maximum constriction, while 

in the V-notched specimen they occur at the plane of maxi-

mum constriction at the apex of the notch. 

From the maps for the stress component σ12, it can be seen 

that their maximum values are located at some distance from 

the plane of greatest constriction and in the central part of the 

specimen. It should be noted that the σ12 values for the V-

notched specimen reach much higher levels than in the smooth 

specimen (Fig. 5). 

a) b) 

  
c) d) 

  

e) f) 

  

Fig. 5. Numerically determined fields of the individual compo-

nents of the stress tensor for the specimens (at load prior to fail-

ure), smooth: a) σ22, c) σ12, e) σ23, V-notch: b) σ22 , d) σ12, f) σ23 

In the V-notched specimen, σ12 values ranging from 220 to 

345 MPa were recorded immediately after plasticization and 

during plastic strain. In the smooth specimen, however, σ12 

values did not exceed 192 MPa during plastic deformation un-

til failure. Only just before failure did σ12 values reach 340 

MPa. 

For the σ23 component, the maximum values also occur at 

some distance from the plane of maximum constriction and at 

the outer (lateral) surface of the specimen. The σ23 values do 

not exceed the 192 MPa level when both specimens are loaded 

over the entire loading interval. 

A value of 192 MPa was adopted in the quality of the refer-

ence level based on Tresca stress hypothesis. According to this 

hypothesis, plasticization of the material will occur when the 

value of the maximum shear stresses exceeds a limit value (de-

noted as k), defined as half of the yield stress value determined 

in a uniaxial tensile test. So, in a V-notched specimen, there 

should be a large amount of plasticization due to the stress σ12. 

Figures 6 show the strain maps of the specimens for pre-

failure loading of the specimen. For the smooth specimen, the 

effective strain and 22 are similar, their max values (22 =eff 

= 1.36) are located in the central part of the plane of greatest 

constriction. This is twice as high as in the V-notched speci-

men (eff = 0.65). Max strain values 12 occur at some distance 

from the plane of greatest constriction and reach level 12 = 

0.83. For the V-notched specimen, the maximum values of the 

components of the strain tensor are located at the apex of the 

notch, but not at the plane of greatest constriction, but at the 

surface of the notch. The largest values were recorded for the 

tangential component 12 = 0.74. 

a) 
b) 

  
c) d) 

  
e) f) 

  

Fig. 6. Numerically determined distributions of strain compo-

nents for the specimens (at load prior to failure), smooth: a) ef-

fective strain, c) ε22, e) ε12, V-notch: b) effective strain ,  

d) ε22, f) ε12  
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The nature of the stress and strain component distributions 

in the analyzed specimens influences their fracture process 

(Fig. 7). In the smooth specimen, we observe the classical na-

ture of fracture - in the central part there is a "bottom" area 

where fracture was realized due to the interaction of the nor-

mal component of the stress-strain tensor. In the zones near 

the lateral surfaces of the specimen, failure is realized through 

the interaction of tangential (Fig. 7b). 

 

a) 

 

b) 

 

Fig. 7. The breakthroughs of the test specimens: a) smooth, b) V-

notched 

In the V-notched specimen, the level of the normal stress 

component 22 is below the critical level (22 = 981 < cr = 

1160) (Fig. 8), so failure will not be realized. In contrast, dur-

ing plasticization there is a high level of the tangential stress 

component 12 significantly exceeding the reference level ac-

cording to the Tresca’s criterion ([]= 192 MPa). This implies 

a high development of plastic strain, resulting in the develop-

ment of failure according to the slip shear mechanism (Fig. 

8b). 

 

a) 

 
b) 

 

Fig. 8. Numerically determined shear and normal stress values 

with relation to normalized nominal strains for specimens:  

a) smooth, b) V-notched 

5. Summary and conclusions  

This paper presents the results of experimental tests and nu-

merical calculations on the effect of the introduction of a sharp 

V-shaped notch on the failure process of a uniaxially tensile 

specimen. As a result of the analysis of the numerically deter-

mined stress and strain component fields in the vicinity of the 

plane of maximum specimen constriction, the conclusions 

presented below were established. 

• In the smooth specimen, the highest values were obtained 

for the normal component of the stress, which is located in 

the central part of the plane of maximum specimen con-

striction and reaches the value 22 =1400 MPa, which ex-

ceeds the value of the critical stress cr =1160 MPa as-

sumed in the material model. So the failure of the smooth 

specimen will start in the central zone of the plane of great-

est constriction due to the normal component of the stress. 
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Then, in the areas near the lateral surfaces of the specimen, 

destruction will be realized by the action of the tangential 

components of stress. 

• In the notched specimen, the maximum value of the nor-

mal component does not reach the critical value (22 = 981 

< cr = 1160). On the other hand, during the entire plasti-

cization interval there is a high level of the stress compo-

nent 12, which significantly exceeds the reference value 

according to the Tresca's criterion (12 > []), and in the 

neck-forming section the values of 12 almost double []. 

So the destruction of the notched specimen starts due to 

the interaction of the 12 component. 

• Confirmation of the above conclusions is provided by the 

breakthroughs of the specimens. In the smooth specimen, 

the breakthrough consisted of a 'bottom' area and inclined 

lateral faces (Fig. 7a). In the V-notched specimen, there is 

no 'bottom' area, only inclined planes. 

The results presented here were obtained in order to carry 

out further research on the assessment of the metal condition 

of the pipelines of the gas network of the Polska Spółka 

Gazownictwa (PSG). This research used the recording and 

analysis of acoustic emission (AE) signals. The results pre-

sented in this paper were used to establish relationships be-

tween characteristic types of AE signals and pipeline material 

destruction processes. The results of this research will be pre-

sented in the next article.  
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光滑和凹口V形试样断裂过程的实验数值分析 
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应变  

特雷斯卡准则 

 摘要 

本文介绍了对从天然气输送管道中提取的经单向张力加载的光滑和V凹槽试样进行的质量测试

的结果。V凹槽的引入导致了在最大收缩平面附近的应力和应变分量场的变化，从而导致它们

通过不同的机制发生破裂。该过程包括实施质量管理实践，如使用ABAQUS对试样进行数值建模

和模拟加载。在这些计算中采用的材料模型经过定义和验证，以确保质量控制。在数值计算之

后，生成了应力和应变分量场的图表，有助于对试样的质量评估。结果表明，对于光滑试样的

质量管理过程主要是由于最大收缩平面的中心区域中的法向应力分量引发了破裂的初期。相反

，在V凹槽试样中，质量管理工作揭示了由于切应力分量引发了破裂的初期，然后通过剪切机

制进行了破裂。这些结果对于制定一个基于声发射信号分析的质量驱动的方法，以监测天然气

管道的运行安全，具有重要价值 

 

 


