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Abstract: 
 This paper presents a part of development of a non-standard method for testing of 
cylindrical test specimens for measurement of fracture properties of pipeline materials. This 
method for testing of cylindrical structures working under pressure is based on determining 
of fracture mechanics parameters on SENT (Single Edge Notched Tension) specimens and 
new PRNT (Pipe Ring Notched Tension) specimens. In this work, both types of specimens 
required for this testing were manufactured from polyamide PA12 by using SLS (selective 
laser sintering) additive manufacturing method. Testing of the specimens is performed on the 
universal device for testing of mechanical properties of materials Shimadzu, AGS-X 100 kN. 
The tensile testing is accompanied by GOM Aramis 2M system, used for digital image 
correlation. By using these two systems, test results are obtained for ring-shaped and SENT 
specimens, including forces, displacements and fracture mechanics parameters CMOD 
(Crack Mouth Opening Displacement) and CTOD-δ5 (Crack Tip Opening Displacement 
obtained by δ5 technique), as well as crack growth. Repeatability of this process, along with 
valid result consistency, represent the basis for further development of the new method, 
including the determining of energy-based fracture mechanics parameters: J integral and 
stress intensity factor. 
Keywords: Selective Laser Sintering; Polyamide; Digital image correlation – DIC; Fracture 
mechanics; Pipe ring notched tension specimens. 
 
 
1. Introduction 
 
 The process of transporting fluids to their final destination involves its passing 
through various parts of processing equipment, including boilers, pumps, branches and 
pipelines. In addition to metallic pipes (with and without seams), pipes made of plastic 
materials have seen increased use in fluid transportation, as of recently. Leading polymers 
used for pipelines include commercial modifications of polypropylene (PP), poly(vinyl-
chloride) (PVC) and polyethylene (PE). Polyethylene is currently the most commonly used 
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material for this purpose, since it can withstand pressures above 10 bar, depending on the 
exploitation conditions and the type of working fluid, [1].  
 There is a decades-long tendency to improve traditional pipelines made of metals. 
Polymer pipes have shown good potential as a replacement since they have advantages in 
terms of long-term failure resistance and flexibility. Polymer pipes are also easier to install 
and have shown significant advantages in terms of technical performances and in terms of 
manufacturing [2,3]. One disadvantage of plastic pipelines during exploitation is somewhat 
increased vulnerability to external damage of the pipeline surface caused by unexpected 
factors such as mechanical damage due to human factors or machines. Such damage can 
sometimes drastically shorten the work life of a pipeline, hence it is necessary not only to 
characterize the mechanical properties of these polymers, but also to investigate their 
behavior in the presence of sharp defects including cracks. 
 Having in mind that it was already determined that non-plastic polyamide (PA12) has 
mechanical properties which are sufficient for pipeline applications (within the working limit 
of 18 bar, [4,5]), this polymer will be the material used for testing presented in this paper. 
Testing is performed mainly in order to develop the new non-standard pipeline test method, 
mainly for thin-walled pipes, whereas the material was selected based on the previously 
determined benefits of its use in pipelines, for pressurized fluid exploitation. Also, it is 
convenient for rapid fabrication of specimens and hence this examination can be regarded as a 
stage in development of procedure for all types of metallic and non-metallic pipelines.  
 The main issue with fracture resistance testing occurs with metallic thin-walled pipes 
which, according to standard EN 10216-2, can be manufactured in over 950 variations (in 
terms of dimensions). Most pipes manufactured according to this standard are not suitable for 
standard fracture mechanics testing methods (e.g. ASTM E1820), [6,7], mainly due to the thin 
walls. There are several suggestions in the literature for development of both new specimen 
geometries and test methods for non-standard pipeline specimens, [8-13]. Clearly, this is a 
topic which attracts the attention of the researchers worldwide.  
 The basis for the introduction of new PRNT (Pipe Ring Notched Tension) samples is 
found in the work of Gubeljak and Matvienko [14,15], who developed a new non-standard 
form of samples for pipeline testing. This is the so-called PRNB (Pipe Ring Notched 
Bending) specimen. Since then, the work has continued on the development of PRNB 
samples by research groups that have dealt with the integrity of pressurized pipelines through 
studies based on ring specimens fracture analysis, [16-22]. These studies include experimental 
results and results obtained using the finite element method; focus was on the 
micromechanical analysis of failure, the influence of torsional effects and residual stresses on 
fracture behavior. 
 Unlike majority of the previously developed specimen geometries, PRNB specimens 
have the crack position in the longitudinal direction, i.e. the direction which is considered 
critical for internal pressure loading. As mentioned before, this type of specimen is the base 
for development of PRNT specimen which tends towards changing of the stress and strain 
fields, i.e. which tends to approximate the internal pressure through introduction of tensile 
loading, as opposed to bending applied in case of PRNB specimens.  
 Having in mind all the mentioned aspects, it can be said that this work is a 
contribution to development of the new testing method for determining the fracture resistance 
of the pipeline materials based on the ring-shaped tensile specimens.  
 
 
2. Materials and Experimental Procedures 
2.1. Selective laser sintering – SLS 
 
 As mentioned previously, for the purpose of rapid development of the method itself, 
as well as the specimen design, this research includes testing of PRNT and SENT specimens 
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fabricated by selective laser sintering, SLS. Selective laser sintering represents an additive 
manufacturing technique for producing objects from polymer materials in powder form. It 
holds a formidable position in terms of additive manufacturing techniques since it has the 
possibility of creating objects “without supports”, which makes it one of the most popular 
techniques. It is based on powder fusion in layers, whose sintering is done by using energy 
provided by high-power lasers, which melt the powder in each passing (by bonding via 
molecular diffusion), [23,24]. 
 

 
 

Fig 1. Schematic display of SLS device assembly and working principle [10]. 
 
 SLS technique is mainly used for rapid product development, along with other 
additive manufacturing techniques (FDM - fused deposition modeling, SLA - 
stereolithography, DLP - digital light processing, LM - laser melting). Unlike the usual factors 
which limit the possibilities of manufacturing complex geometric shapes which are present in 
conventional techniques, SLS does not suffer from this issue (the use of several machines or 
special tools). This technique is characterized by lower manufacturing temperatures and lower 
laser power compared to the LM technique, [25,26].  
 Materials used for this type of additive manufacturing include thermo-plastic 
polymers. This means that, in theory, every powdered polymer which behaves as thermo-
plastic could be used for the creation of physical models via SLS. The potential issue is the 
factor related to material selection upon which selective laser sintering technique is based, 
which is the molecular diffusion process that occurs during the sintering, [27,28].  
 Modern day commercial applications mostly rely on polycaprolactone (PCL) and 
polyamide (PA). Polyamide is the leader in commercial systems, both in the form of PA12 
compounds and dry mixes with particles such as glass. Polyamide PA11 is a close ‘relative’ 
of PA12, which has, despite good properties during manufacturing, shown only moderate 
success when used by the SLS technique. Polymers such as polyether ketone (PEEK) or 
elastomer polymer types such as thermo-plastic polyurethane (TPU) or thermo-plastic 
elastomer (TPE) are being commercialized for these applications, but still have certain 
limitations which result in somewhat moderate success rate. In order to expand this technique 
to the market and achieve new accomplishments, it would require development of semi-
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crystalline polymers such as polypropylene (PP) or polyethylene (HDPE, LLDPE) for use in 
SLS additive manufacturing, [23,29]. 
 Mechanical properties of polyamide PA12 have previously been discussed in the 
literature [30-36]. The tests were performed with the purpose of determining the effects of 
orientation during manufacturing by SLS technique, as well as to compare the results to the 
same material with additional components (aluminum, glass), and to materials with a different 
chemical composition as their base. In addition to tests performed in order to determine the 
mechanical properties of this material, fracture mechanics parameters were also determined in 
accordance with standard procedures, for assessment of the fracture resistance and integrity of 
the fabricated products, [37–39].  
 A group of authors from Austria and Germany examined the properties of pipelines 
fabricated from PA12, [40,41]. They performed CRB (Cyclic Cracked Round Bar) testing of 
pipelines. The influence of molecular weight on fracture behaviour was also analyzed by the 
same group. One of the main aims was determination of the Slow Crack Growth (SCG), by 
using two accelerated test methods, CRB and SH (Strain Hardening).  
 Selection of materials which have perspective as replacement for steel pipes, as well 
as increase of application of rapid production techniques, will contribute to significance of the 
research results presented in this paper. 
 
2.2. Specimens and testing procedure 
 
 As mentioned before, experimental testing is performed on ring-shaped specimens 
with a single crack (PRNT) and SENT specimens, fabricated by selective laser sintering. The 
device used for their manufacturing was EOS Formiga P100 (EOS GmbH, Munich, 
Germany), using Polyamide PA12 (PA 2200 powder); its mechanical properties are given in 
Table I. The parameters of the SLS process were: laser power 30W, working temperature 
170οC, scanning speed 1,6-5 m/s. 
 
Tab. I Polymer PA12 properties. [33] 

Property Value 

Tensile Strength 51.2 MPa 

Sintered Density 0.95 Kg/dm3 

Young’s Modulus of 
elasticity 

2171 MPa 

Elongation at break 15.6% 

 
After the specimens were fabricated, remaining powder had to be removed from the models, 
to keep them clean. Removal of leftover powder is performed using compressed air and a soft 
brush. Powder located in the sintering chamber can be combined with unused powder in 
various proportions for further use, depending on the required mechanical properties of the 
material [42-44]. 
 For the purpose of the tests presented in this paper, two types of specimens were 
made, each including three specimens with dimensions given in Table II. Fig. 2 shows a 
drawing of PRNT and SENT specimen with marked dimensions. Figs 3 and 4 show the 
appearance of the fabricated specimens, respectively. Both types of specimens have the same 
cross section area (i.e. thickness, width and sharp notch length) and printing direction. The 
sharp notches on the specimens were cut by a razor blade.   
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Tab. II Dimensions of PRNT and SENT type of specimens: D - diameter; L - length; B - 
groove depth; W - tube width; a - length of groove with applied crack. 

Dimensions Ring diameter 
D (mm) 

Wall thickness 
B (mm) 

Specimen 
width 

W (mm) 

Sharp notch 
length 
a (mm) 

PRNT 42,2 2,3 9,5 3,2 
 Length 

L (mm) 
Thickness 

B (mm) 
Specimen 

Width 
W (mm) 

Sharp notch 
length 
a (mm) 

SENT 80,0 2,3 9,5 3,2 
 

 
 

Fig. 2. Drawing with marked dimensions – PRNT and SENT specimen. 
 

 
 

Fig. 3. PRNT specimens.                                  Fig. 4. SENT specimens. 
 
 Specimen testing is performed on the universal testing machine Shimadzu (model 
AGS-X with capacity of 100kN). Supports for plate-shaped specimens with thickness up to 7 
mm are used for SENT specimens, in order to fix them within the clamps. Of course, this 
means that they are tested under fully clamped conditions.   
 For testing of PRNT specimens, a specially designed and patented tool is used. It 
consists of two supporting parts and two parts shaped like a half of a cylinder, called the D - 
blocks, which are placed inside the ring and mounted to the test machine, using the supporting 
parts. These tools transfer the force to the internal side of the ring, with an aim to simulate the 
internal pressure, as shown in Fig. 5 [45]. 
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Fig. 5. PRNT specimen and tools for testing. 
 
 The tests are performed under displacement control of the device’s upper traverse, in 
the tensile direction, with a rate of 0.5 mm/min, with measuring rate of 10 Hz.  
 In order to determine the 3D displacements and strains on the specimen surface, as 
well as geometry fracture mechanics parameters (CMOD and CTOD-δ5), digital image 
correlation (DIC) method is used. For the needs of this experiment, GOM Aramis 2M system 
is applied; it consists of two cameras which work as stereo, the work station (computer), 
additional lighting using a spotlight and software package for strain analysis. 
 For proper measurement by digital image correlation, the specimens had to be 
prepared by applying a stochastic pattern. Considering the matt white color of the specimens 
in their natural form after manufacturing in the aforementioned way, there was no need to 
apply white paint, and only a thin layer of finely dispersed spots in matt black is applied by 
spraying, Fig. 6. 
 

 
 

Fig. 6. PRNT specimens with stochastic pattern. 
 
DIC method is based on digitalization of specimen images, prepared as described above, 
before and after the loading was applied, and based on these images, the system calculates 
displacements and strains. This represents a standard specimen preparation procedure for this 
measurement method [46-52]. 
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3. Results and discussion 
 
 The results obtained by measurement of force, displacement/strain fields, crack 
mouth opening displacement CMOD and crack tip opening displacement CTOD-δ5, as well as 
the crack growth, are shown in this section. 
 Figs 7 and 8 show the results of measurement on specimens PRNT and SENT 
(respectively), using Shimadzu test machine. The trends of the force-load line displacement 
curves are similar, and somewhat larger displacements are characteristic for the ring 
specimens. This may be attributed to the testing setup for SENT specimens, because fully 
clamped conditions can influence the constraint conditions.  
 

 
 

Fig. 7. Dependence of force on the load line displacement for PRNT specimes. 
 
 Fig. 8 shows force-displacement dependence for SENT type specimens. Just like the 
previous figure, it indicates a rather good repeatability of the results up to the maximum force, 
wherein a difference in specimen behaviour was observed when failure has been initiated. 
Parts of Figs 7 and 8 after reaching maximum values indicate certain irregularities which can 
be attributed to specimen manufacturing technique. In this sense, after the maximum force 
was reached, material failure occurs, wherein the irregularity of failure is the consequence of 
strength non-homogeneity in material layers. This phenomenon can be much more prominent 
in other additive manufacturing technologies. 
 

 
 

Fig. 8. Dependence of force on the load line displacement for SENT specimens. 
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Fig. 9 shows an example of report from the Aramis DIC software on which the displacements 
of the sample surface during loading are measured (vertical displacement is considered here). 
In the top left part, vertical displacement along the pre-defined vertical sections (0-4) defined 
by two inclined lines is shown. The trends are very similar, and the curves intersect around 
the middle of the section length. The sections 0-4 are positioned at equal distances, from the 
initial notch tip to the right surface of the specimen (opposite to the sharp notch). In the lower 
left part of Fig. 9, displacements of the three points (stage points 0, 1 and 2) during the 
loading stages are shown; one stage is recorded every 2 seconds. The trends are linear until 
the stage 88 (approx. 1.46 mm load line displacement). After that, the displacement of points 
on upper and lower boundary (0 and 1) deviate from linearity, this can be seen as beginning of 
nonlinear material behaviour.  
 

 
 

Fig. 9. Report from Aramis system software for SENT specimen. 
 
 The values of CMOD (crack mouth opening displacement) and CTOD-δ5 (crack tip 
opening displacement) are measured on both PRNT and SENT specimens, by tracking the 
positions of the points shown in Figure 10 with the increase of external loading. The points 
for CTOD-δ5 are initially at the distance of 5 mm.  
 

 
 

Fig. 10. Strain field obtained by DIC and measurement points for CMOD and CTOD-δ5. 
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Measured CMOD values are shown in Fig. 11, in the form of force vs. CMOD dependence 
for one SENT and one PRNT specimen. Maximum CMOD value measured on PRNT 
specimens is 1.1 mm, while the value for SENT specimen is around 1.4 mm. Similar 
dependences can be seen in Fig. 12, where dependence of the force on crack tip opening 
displacement (CTOD-δ5) is given. In both of these figures, the force for the ring specimens is 
significantly higher, approximately twice, which is caused by the fact that the ring actually 
has two cross sections and each of them corresponds to the cross section of the SENT 
specimen. Regardless of the maximum force value differences, both specimen geometries 
have approximately the same CMOD parameter value of approx. 0.5 mm at maximum force. 
  

 
 

Fig. 11. Dependence of force on CMOD for a PRNT and a SENT specimen. 
 

 
 

Fig. 12. Dependence of force on CTOD-δ5 for a PRNT and a SENT specimen. 
 
In addition to tracking of the displacement/strain fields and determining the values of CMOD 
and CTOD-δ5 during the testing, digital image correlation is also applied for assessment of the 
crack growth through the specimen. The criterion for determination of the current position of 
the crack tip is based on tracking the strain field at the surface, as proposed in [53]. The 
authors of [53] proposed the strain value 10 % as the criterion for crack growth, while the 
value 15 % is applied here. In Fig. 13, three stages with the strain fields are shown as an 
example, and the position of the current crack tip is marked by an arrow in each stage. Of 
course, due to the excessive deformation and subsequent separation of the material (and its 
surface black-white pattern), the boundary of the measurement field is moving along with the 
crack tip growth. As shown in Fig. 13, the strain value 15 % is typically positioned very close 
to this boundary.  
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Fig.13. Tracking the crack growth by using the surface strain field (the arrows mark the 
current crack tip, 15 % strain). 

 
Fig. 14 shows the results of the crack growth tracking, in the form of dependence of crack 
growth on the load line displacement, for both PRNT and SENT specimen. The obtained 
difference is consistent with the force-displacement data shown in Figs 7 and 8, and confirms 
that the crack growth does not occur until the maximum loading is reached. Having in mind 
that maximum force is obtained later in PRNT specimen, the crack growth also starts later. 
The criteria for crack growth tracking by application of DIC will be further examined in the 
future work for different materials, both metallic and non-metallic.  
 

 
 

Fig. 14. Crack growth in SENT and PRNT specimens. 
 
During the laboratory analysis performed on specimens obtained by using SLS additive 
manufacturing technique from polyamide PA12 (PA2200) material, experimental tests have 
shown the possibility of measuring the necessary quantities on the surface of specimens of 
both PNRT and SENT geometry, by using Aramis GOM system. Considering the shape of the 
ring-shaped PRNT specimens, only a three-dimensional system like this could monitor the 
entire curved measuring surface properly. SLS manufacturing technique used for the selected 
material shown the possibility of quick manufacturing of specimens with certain structural 
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non-heterogeneity, which did not result in large deviation in measured force, displacement 
and strain values in both specimen types. 
 In this study, production samples with the SLS technique made a significant 
contribution to the accuracy of the sample geometry, when compared to other additive 
manufacturing methods. In addition, the production of ring tubes with one groove is very 
difficult with conventional production techniques. We can conclude that the strategy is well 
adapted to faster creating of the non-standard testing conditions.  
 As mentioned before, both specimen geometries have shown repeatable behaviour, 
i.e. relatively good agreement between the specimens belonging to the same series is 
obtained. There are certain differences regarding the fracture initiation, i.e. after the maximum 
force has been reached. Change in material behaviour upon reaching maximum force was a 
consequence of specimen manufacturing technique which, like other additive manufacturing 
methods, is characterized by non-homogeneity of specimen structure. Difference in maximum 
values of CMOD parameter was around 20 % in favour of SENT specimens; however, both 
specimen geometries exhibit an approximately equal value of CMOD (cca. 0.5 mm) at 
maximum force. The similarities and differences obtained from these examinations will be 
taken into account in further development of procedure for experimental fracture testing and 
post-processing of the results obtained on non-metallic and metallic pipeline materials by 
application of the pipe ring notched tension specimens.  
 
 
4. Conclusions 
 
 This paper presents the results obtained by examination of SENT (Single Edge 
Notched Tension) specimens and new PRNT (Pipe Ring Notched Tension) specimens for 
fracture testing of cylindrical structures such as pipelines. They were fabricated by selective 
laser sintering from polyamide PA12. Testing of these additively manufactured specimens 
enabled the setup of a novel testing method for determination of pipeline materials fracture 
resistance. The results are repeatable, and the same trends are obtained for both types of 
testing geometries, including the similar values of crack mouth opening displacement CMOD 
at final fracture. Stereometric strain measurement enabled determination of surface 
displacement and strain fields, as well as geometry fracture mechanics parameters. Also, it is 
concluded that stereometric strain measurement can be utilised for tracking of crack growth; 
however, this will require a detailed analysis for different material groups. For example, 
higher ductility of the material might affect the value of the surface strain which is used as the 
criterion for crack growth. Generally, this comparison between the two geometries confirms 
that the fracture resistance of actual steel or polymer pipes can be determined on newly 
proposed pipe ring specimens and this examination presents a good basis for further 
development of the testing and post-processing procedure.  
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Сажетак: Овај рад представља део развоја нестандардне методе за испитивање 
цилиндричних епрувета за одређивање отпорности према лому материјала цевовода. 
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Ова метода за испитивање цилиндричних конструкција које су у експлоатацији 
изложене унутрашњем притиску заснива се на одређивању параметара механике лома 
на SENT (Single Edge Notched Tension) епруветама и новим PRNT (Pipe Ring Notched 
Tension) епруветама. У овом раду, оба типа узорака потребна за ово испитивање 
произведена су од полиамида PA12 применом СЛС (селективно ласерско синтеровање) 
адитивне методе производње. Испитивање епрувета је урађено на универзалноj 
mашини за испитивање механичких својстава материјала Shimadzu, AGS - X 100 kN. 
Испитивање је праћено GOM Aramis 2M системом, који се користи за корелацију 
дигиталних слика. Коришћењем ова два система добијају се резултати испитивања за 
епрувете облика прстена и SENT епрувете, укључујући силе, померања и параметре 
механике лома CMOD (Crack Mouth Opening Displacement) and CTOD-δ5 (Crack Tip 
Opening Displacement добијен техником δ5), као и раст прслине. Поновљивост овог 
процеса, уз конзистентност резултата, представља основу за даљи развој нове 
методе, која ће обухватити и одређивање параметара механике лома заснованих на 
енергији: Ј интеграла и фактора интензитета напона. 
Кључне речи: Селективно ласерско синтеровање, полиамид, корелација дигиталне 
слике – DIC, механика лома, Затезне епрувете облика прстена са зарезом. 
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