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This study describes an investigation of the load–deflection response of the material used for
production of polymeric pipes. Three point bending tests were performed on curved pipe sam-
ples to evaluate their flexural properties, namely the flexural strength, the modulus, the strain to
failure and the mode of failure. Effects of various configurations and parameters are investi-
gated: effect of internal or external loading, effect of notch, impact of aging, combined effect of
notch and aging. In addition, FE models are established to predict pipe material response under
flexural loading. From the main results, the average flexural stress–strain response of pipe mate-
rial is characterized by a linear portion curve, followed by a non-linear deformation up to the ul-
timate failure stress. A ductile behavior was observed, but with a brutal rupture at the peak flex-
ural stress. The flexure behavior of the pipe material depends also on the configuration, and it
behaves differently under internal and external loading. The presence of notch in pipe material
reduces its mechanical performance. A significant decrease of flexural properties was observed
for hydrothermal aged pipe samples. The combined effect of both hydrothermal aging and notch
affects dramatically the flexural performance of pipe material. Consequently, the service life of
pipe structures risks to be reduced. Finally, a coupled experimental–numerical approach for the
characterization of pipe material behavior under flexure loading has shown a good correlation,
and therefore, the efficiency of the established FE model to predict the flexural response of pipe
structures.

1. Introduction

It is well known that polymers and polymer composite pipes have been widely used in various fields, namely, for evacuation of
drinking water, water boreholes, petroleum and gas transportation because of their low cost of installation & maintenance and
equally for their physico-chemical and mechanical properties [1–3].

Among thermoplastic materials, polyvinyl chloride (PVC) pipes are equally used for drinking and wastewater evacuation, window
profiles, wire and cable insulation and medical devices [4,5,7], thanks to their mechanical and tribological properties [6–10]. PVC
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Fig. 1. Dimensions of polymeric pipes and extraction of samples for characterizations.

Fig. 2. Extraction and dimensions of curved samples dedicated for curved three point bending (CTPB) tests.

Table 1
The experimental program of the different flexural experiments.

Geometry Temperature (°C) Crosshead rate (mm/min) Thickness h (mm) Width W (mm) (a/h) value

C-Shaped 23 0.5–5–50–250–500 8 20 0.5
23 5 2–3–8 20 0.5
23 5 8 20 0.5
23 5 8 20 0.125–0.25–0.375–0.5
25–60–90 5 8 20 0.5

pipes are characterized by high resistance to the impact, chemicals and corrosive environments [11–14]. Meanwhile, their mechani-
cal properties can change with time and high constraint. When it is used in petroleum and water application, PVC pipes are subjected
to high pressure resulting tensile and flexion. High constraint caused by flexion can affect their performances and lead to the failure
and damage.
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Fig. 3. Boundary conditions and mesh configuration of the three-point bending test: a) concave side down, b) concave side up, and c) Notched 2D model.

Table 2
XFEM parameters.

Ratio, a/h Max principal stress Maxps (MPa) Fracture energy, GF
(J/m2)

0.125 32 7.61
0.25 7.5
0.375 7.04
0.5 6.07

Recently, Al-Abtah et al., [15] have reported that, in service, pipes can be subjected to bending loading (called pipe bending), and
consequently, compressive, tensile and also shear stresses can happen. Firouzsalari et al., [16] have focused on studying the energy
absorption capacity for flax fabric-reinforced epoxy pipes subjected to lateral compression.

Babiak et al. [17] have considered that the appropriate way of assessing the effect of the mentioned stresses during bending is to
use three or four-point bending tests.

Mandell et al., [18] have studied effects on the fracture toughness of rigid PVC pipes using flexural test. They have concluded that,
over a range of temperatures and rates, the PVC pipe responses shift from ductile, notch-insensitive behavior to brittle.

In their work focusing on the brittle fracture process of PVC pipe material, McGarry et al. [4] have only considered brittle failures,
despite that PVC pipe materials may fail in a ductile manner in service.

Aldea et al. [19] have used a specific flexural test for pipe (four-point loading apparatus) to characterize the flexural strength of
pipe specimens. In such Ref, [19], the authors have considered the pipe as a beam working in flexure, and the calculations were car-
ried out according to the elementary theory of beams.

On the other hand, many researchers have focused their attention to study the PVC mechanical properties under different mechan-
ical loading tests following experimental and numerical approaches [11,14,20,21]. Experimental tests are usually needed to validate
numerically-predicted results.

Jemii et al. [20] have studied the mechanical resistance of PVC pipes under a specific tensile test. They have designed and then de-
veloped split disk tensile (SDT) test in order to reproduce the internal pressure applied in the real industrial procedure. They have de-
termined the circumferential mechanical characteristics and the mechanical strength of industrial PVC pipes.

In the present work, three point bending test has been conducted on the material used for production of pipes in order to analyze
their performance when subjected to flexion test or external pressure. Various configurations and parameters are tested to enlarge the
experimental study. One of the main objectives of this work is to assess flexure strength, material modulus, deformation and failure of

3



C
O
R
R
E
C
T
E
D
P
R
O
O
F

H. Jemii et al. Engineering Failure Analysis xxx (xxxx) 106352

Fig. 4. Plot of flexural stress vs. flexural strain for pipe sample (with 8 mm of thickness) under various values of crosshead rates (0.5–500 mm/min).

Fig. 5. Fractures surfaces of tested C-shaped PVC samples at crosshead rate from (0.5 to 500 mm/min).

Fig. 6. Three point bending configurations applied on pipe curved samples: (a) Concave side down, (b) Concave side up.

pipe material under various configurations. Also, the new knowledge of this study is to consider the impact of the hygrothermal aging
and the presence of artificial notch on the mechanical characteristics of material pipe. In addition, for some cases, FE models are es-
tablished to predict pipe material under flexural loading. Then, experimental data and numerical results are evaluated and compared.
The experimental/numerical correlation is then discussed to evaluate the robustness of the FE model.
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Fig. 7. Typical Load-Deflection curves of pipe material (thickness 8 mm) under various configurations: Concave side down; concave side up. (Value of crosshead speed
5 mm/min).

Fig. 8. Load-Deflection curves of pipe samples (8 mm thickness) without and with notch (different depths “ a ”) tested under a crosshead speed 5 mm/min.

2. Materials, techniques and methodology

2.1. Material and samples preparation

In this work, extruded polymeric pipes were supplied by Tuyauplast company, Gafsa, Tunisia. The pipes material is based on
polyvinyl chloride (PVC) reinforced with calcium carbonate (CaCO3) fillers, and mixed with a commercial dioctyl phthalate (DOP) as
a plasticizer, as described elsewhere [22]. For tested samples, rings were cut transversely from extruded pipes, according to Fig. 1.

Moreover, from each sample illustrated in Fig. 1, three curved samples are cut to be tested in curved three point bending (CTPB)
tests, as shown in Fig. 2. After that, the average value of the obtained results will be considered.

2.2. Experimental work and methodology

In this section, all flexure tests were conducted at room temperature on a WDW-10E universal test machine with 10 kN maximum
load cell. At least three samples were tested for each test series and then the average curves were considered.

Here, it is also important to note that flexure experiments were performed on various conditions, namely, pipe samples with and
without notch, samples with notch but with different depths, unaged and hydrothermally aged samples, different values of crosshead
rate.

The experimental program that summarizes the different experiments with different parameters is given in Table 1.
For samples with initial notch, the tip of the notch was sharpened in mid-span with an electric jigsaw (2 mm thick) to a depth of

a = 1, 2, 3 and 4 mm. This means (a/h)-ratio values of 0.125; 0.25; 0.375 and 0.5 of the sample thickness (h = 8 mm).
To examine the effect of aging on flexure properties, accelerated hydrothermal aging was considered. Pipe samples (Fig. 2) have

been exposed to three temperatures (25, 60 and 90 °C) in distilled water for a period of 90 days.

5
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Fig. 9. Schematic illustration of C-shaped samples and the main dimensions used for KI calculation.

Fig. 10. Variation of stress intensity factors (KI) and Fracture energy versus the ratio (notch depth / sample thickness: a/h).

During the experiment, the curved sample is supported on two rollers and centrally loaded (under constant load) in a three-point
bend configuration as shown in Fig. 2.

Finally, it is to note that for each flexure experiment, the obtained Load-Deflection curve was used to extract and estimate the flex-
ural properties (the flexural strength (σf), the modulus (Ef) and the strain to failure (εf)).

The flexural moduli “ Ef ” were determined (from the slope “m” of initial linear portion of the Load-Deflection curve), according to
Equation.1. The flexural strength and the flexure strain were calculated based on the following equations (Equation (2) and (3)), [21,
23]:

(1)

6
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Fig. 11. Photo sequences on notch propagation during three point bending applied on notched-sample (h = 8 mm, a = 3 mm, crosshead speed = 5 mm/min).

(2)

(3)

where P is the applied load, L is the support span, D is the maximum deflection of the center of the sample and h and W are the
thickness and width of the sample beam.

2.3. Numerical modeling of curved three-point bending test

The numerical modeling of the three-point bending test has been built for three different configurations, namely, convex PVC
bending test (model 1), convex PVC bending test coupled with a crack propagation (model 2) and concave bending test (model 3),
Fig. 3. Numerical simulation test has been conducted using commercial nonlinear finite element (FE) code ABAQUS. Both dynamic
explicit and static general calculation mode has been adopted during numerical simulation.

7
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Fig. 12. Fractures surfaces of tested C-shaped notched PVC samples at crosshead rate of 5 mm/min.

Fig. 13. Typical Load-Deflection curves of virgin and hydrothermally aged pipe samples. (samples with thickness of 8 mm, tested under a crosshead speed 5 mm/min,
aged 3 months at three temperatures 25, 60 and 90 °C in distilled water).

Fig. 14. Images of fracture surfaces of unaged and aged C-shaped PVC samples tested under CTPB.
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Fig. 15. Load-Deflection curves of virgin samples and hydrothermally aged pipe samples containing notch. (samples with thickness of 8 mm, tested under a crosshead
speed 5 mm/min, aged at 3 months at three temperature 25, 60 and 90 °C in distilled water).

Fig. 16. Evolution of stress intensity factors (KI) and fracture energy (Gf) versus the temperature of aging, for initially notched samples. The unaged sample is consid-
ered as a reference.

Fig. 3a and b illustrate the boundary conditions and the adopted mesh of both model concave side up and down which have been
designed as three dimensions (3D) model. Fig. 3-c illustrates the notched PVC model which has been considered as two dimensions
(2D) in order to save calculation time since a damage model will be used in this case. Regarding the model with the concave side up
and down (Fig. 3-a and b) both punch and supports have been modeled as analytical rigid body and the PVC pipe has been modeled
as deformable with an elasto-plastic mechanical behavior determined by a tensile test mentioned in previous studies [22]. A veloc-
ity of V = 0.083 mm/s has been applied in the punch reference point (RP). The supports which radius is R = 5 mm have been con-
strained. A surface to surface contact interaction has been used between the rigid body and the pipe sample. A linear hexahedral
C3D8R (A 8-node linear brick, reduced integration, hourglass control) elements as illustrated in Fig. 3. The number of the elements
and nodes for the concave side up and down model are (7920 nodes, 5260 elements) and (8040 nodes, 5340 elements), respectively.
In order to obtain accurate results a mesh refinement has been used in the contact between (supports, punch) and the pipe sample.
Concerning the notched model presented in Fig. 3-c, it worth to note that the elasto-plastic behaviour was coupled with Extended
Finite Element Method (XFEM) in order to simulate the damage taken place in the notched area. Table 2 presents the adopted para-
meters. The maximum principal stress was determined from the stress strain curve obtained by a tensile test. The fracture energy
was calculated from the experimental flexural test conducted in the present study. The crack initiation is characterized by a width of
l = 0.4 mm and a depth of a0 = 1,2,3 and 4 mm. It is important to note that a quadratic element with reduced integration CPE4R
has been used during simulation. The total numbers of nodes and elements is 1865 and 1613, respectively. The friction coefficient
on the contact surfaces meets Coulomb friction law and it is determined with a tribological test, using pin-on-disk apparatus [10].

9
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Fig. 17. Load displacement curve of the three-point bending test (Model 1).

3. Results and discussion

In this section, the experimental results obtained from curved three point bending (CTPB) tests are analyzed. Therefore, numerical
results are compared with experimental data obtained from flexure tests.

3.1. Effect of crosshead rate on flexure response

Since most polymers exhibit viscoelastic behavior, their mechanical properties are time-dependent, the test results may be influ-
enced by crosshead rate. In this study the bending tests were carried out at crosshead rates of 0.5, 5, 50, 250 and 500 mm/ min.

Fig. 4 shows representative flexural stress–flexural strain curves from curved three point bending tests of the pipe samples under
the mentioned values of crosshead rate.

It is to note that all flexural properties (flexural strength (σf), flexural modulus (Ef) and strain to failure (εf)) were extracted from
the obtained curves (Fig. 4) and then summarized in Table 3.

As can be observed in Fig. 4, all flexural stress–strain curves show similar trends. Three stages can be distinguished. The common
pattern consists of an initial linear elastic deformation (stage 1), subsequent nonlinear response (stage 2), and a final failure where
the stress drops suddenly (stage 3). Whatever, the retained value of crosshead speed, the pipe samples display ductile behaviour.

On the other hand, when varying the value of crosshead rate, the flexural properties change. This indicates the viscoelastic charac-
ter of pipe material. In addition, the mechanical properties increase when the crosshead rate increases. In addition, when looking at
the area under the load - deflection curves, we found that this area increases with the cross-head rate (from 0.5 to 500 mm/min).
Such area is known to be proportional to the energy absorption capacity or the fracture energy, according to Kozłowski et al. [24].

Thus, the tendency for energy to increase as the crosshead rate is increased, may be ascribed to the failure mode of the pipe mater-
ial since at a higher test speed, material yielding increases, thus more energy is expended during fracture process. These findings are
in good agreement with these obtained by Okoli [25] in the case of fibre reinforced composites. Recently, Cui et al., [26] have also ob-
served a significant improvement of the energy absorption capacity at the higher strain rates (from low to high) in their study regard-
ing the tensile behaviour of thermoplastic composites. Also, similar trend was reported by Jacob et al., [27] regarding the evolution
of flexural strength when increasing the loading rate or strain rate in the case of polymer composite materials. Similarly, Sims [28]
has shown in his investigation on polyester/glass fibers composites, that the flexural strength increases with increasing loading rate
form 10-6 to 10-1 mm/min.

On the other hand, Fig. 5 shows typical images of fracture surfaces from CTPB tests. It is possible to identify the differences in frac-
ture mechanisms. The fracture becomes more and more brittle by increasing the speed rate. Similar observations were found by El-
Bagory et al. [29] when studying the crack growth in PVC pipes.

10
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Fig. 18. Von Mises stress distribution throughout the PVC pipe (concave side down).

Fig. 19. Load -deflection curve of the three-point bending test (Model 2).

3.2. Effect of the 3-point bending configuration

Since the pipe material, in service, can be subjected to internal pressure as well as to external pressure, the following configura-
tions were considered in our study, as shown in Fig. 6. The first configuration (Fig. 6-a) represents the case when the mechanical load-
ing takes place on the external side of the pipe material. The second one (Fig. 6-b) simulates the case when the mechanical constraint
takes place on the internal side of the pipe material (radial direction).

The average plots in Fig. 7 exhibit the typical results obtained from curved three point bending tests, using different configura-
tions.

11
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Fig. 20. Von Mises stress distribution throughout the PVC pipe (Model 2).

As seen in Fig. 7, when the direction of applied force is reversed, the mechanical response of the pipe material changes. Different
behaviors are observed under internal or external mechanical loading even if there is the same level of pressure. The difference in the
behavior seems to be the different structural configuration of the samples, samples and geometrical restraints.

The first difference consists in the flexural stiffness which represents the linear part of the load–deflection curve [30]. It was esti-
mated as the curve-slope (ΔF/Δδ) between 10 and 50% of the ultimate load which represent the range before the “first crack initia-
tion” and the “beginning of the elastic–plastic stage”, according to Refs [31,32].

The plotted curves display that when the pipe sample is tested in configuration “concave side down ”, its flexural stiffness was
largely greater than in configuration “concave side up ”.

Also, in order to confirm this hypothesis and quantify the sample performance in each case, we have estimated the fracture en-
ergy, GF, using the following equation:

12
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Fig. 21. Load-deflection curve of the three-point bending test (Model 3).

(4)

Where:
a: the notch depth (m).
A: the area of the complete load–deflection curve, (N/m).
W: the width of the sample (m).
h: thickness of the sample (m).
m: the weight of the sample (Kg).
g: the acceleration due to gravity (m/s2).
δ: the deformation at the final failure of the sample (m).
Also, from Fig. 7, the values of fracture energy, GF, were found about 49 253 N/m and 42 416 N/m for “concave side down” and

“concave side up” configurations, respectively. The fracture energy, GF, increases by 14% where curved samples were tested in con-
figuration “concave side down “. This confirms again the obtained trend in terms of flexural stiffness.

In addition, in the configuration of “ concave side down “, peak pipe loads occurs at smaller displacements. This means that the re-
sistance of pipe material reaches rapidly its maximum point (the material yielding). Then, it decreases progressively until reaching
the failure point. Whereas, in the configuration of “ concave side up “, the flexural response of pipe material is characterized by a first
linear deformation, non-linear deformation and brutal failure. In this case, peak loads occurs at very larger deflections. The pipe ma-
terial seems to be more ductile, and a gain of ductility of 12% was observed. This means that internal pressure is more dangerous than
external pressure for the lifetime of pipe material.

3.3. Effect of notch and notch depth

In this section, we look firstly to predict the failure load of samples containing sharp V-notches. Such load value could be helpful
to estimate the average stress or the external pressure responsible for pipe damage. After that, we will examine the effect of notch
depth on flexural response of tested samples. Here, all bending tests were carried out on pipe samples (of 8 mm of thickness) at
crosshead rate of 5 mm/ min (Fig. 8). For notched samples, four values of notch depths “a” are tested: a = 1 mm, 2 mm, 3 mm and
4 mm which means a/h = 0.125; 0.25; 0.375 and 0.5 where “h” represents the sample thickness.

In order to conduct a comparative study between all the tested samples, we have focused on two parameters: the stress intensity
factor KI and the fracture energy Gf. These parameters can be extracted from Load-Deflection curves (Fig. 8). According to Lee et al.,
[33], the stress intensity factor KI (MPa.m1/2) is calculated using the following equations and according Fig. 9.

13
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Fig. 22. Von Mises stress distribution throughout the PVC notched pipe −1 mm (Model 3).

(5)

(6)

Similarly, the fracture energy is estimated according to the following formula, [32]:

(7)

where the total dissipated work is the area under the curve and the sectional dimensions (w × h) represent the Euclidian fracture
surface.

Fig. 10 plots the variation of stress intensity factors (KI) and Fracture energy (Gf) versus the ratio (notch depth / sample thickness:
a/h).

Fig. 10 shows clearly that the energy involved in the failure of pipe samples as estimated from the area under the load–deflection
curves decreases enormously for notched samples compared to unnotched samples. This can be explained by the fact that unnotched
pipe samples require greater energy to be deformed compared to samples containing initial crack.

14
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Fig. 23. Von Mises stress distribution throughout the PVC notched pipe −2 mm (Model 3).

Moreover, the fracture energy appears to decrease when the depth of initial crack increases.
On the other hand, the sequences of notch propagation of the notched samples during the flexural tests are illustrated in Fig. 11. It

can be observed that a single critical crack was initiated from the notched section and propagated to upper part of the sample as the
load increases. It can be also seen that even after reaching the flexural strength, and the load starts to decrease, the crack continues
progressively to open until the complete rupture or final fracture of tested sample.

In terms of fracture surfaces, Fig. 12 shows typical images of notched samples with a depth from 1 to 4 mm from CTPB tests. It is
clear that as the depth of the notch is increased, the fracture becomes more and more ductile. This is can be explained by the disap-
pearance of the slight river lines showed in Fig. 12-(a) and replaced by material tear-off zones in Fig. 12-(b),(c) and (d). The same duc-
tile tearing was identified by Rodolfo et al. [34] when using various fracture mechanics methodologies for the characterization of
PVC pipes.

3.4. Effect of hydrothermal aging

Given that polymeric pipes can be exposed, in service, to severe weathering conditions (temperature, humidity), we look here to
examine firstly if the retained hydrothermal aging affects the flexure response of pipe material. After that, it will be important to
know how the pipe material behaves under the combined effect of aging and notch.

Fig. 13 displays the average plots of load–deflection curves for virgin and hydrothermally aged (3 months at three temperature
25, 60 and 90 °C in distilled water) pipe samples. Here, three stages can be observed, a linear elastic deformation, nonlinear re-
sponse and a final failure. Also, Fig. 13 clearly exhibits that i) all aged samples have higher (max) tensile stress (they break at higher
stresses) respect to the unaged one and ii) the failures of the aged samples, at 25 and 60 °C, occurred earlier than the unaged one.

15



C
O
R
R
E
C
T
E
D
P
R
O
O
F

H. Jemii et al. Engineering Failure Analysis xxx (xxxx) 106352

Fig. 24. Von Mises stress distribution throughout the PVC notched pipe −3 mm (Model 3).

In addition, as shown in Fig. 13, the area of the load–deflection curve of the 25 °C aged sample is less than the one of unaged sam-
ple. This can be explained by the fact that the material becomes more brittle with the aging.

However, as obviously observed in Fig. 13, the area under the load–deflection curve of the 90 °C aged sample is still larger than
the others. This clearly means an higher absorbed energy before fracture. Also, the area of the load–deflection curve of the 90 °C aged
sample is larger than the one of unaged sample. This behaviour can equally be explained, firstly by the phenomenon of migration of
plasticizers at higher temperatures which improves toughness (the sample is tougher). In fact, plasticizers leave the place to the parti-
cles of CaCo3 and voids, and like that the structure loses its softness as previously explained in Ref. [10]. The increase of the density of
CaCo3 in the material structure, leads to an increase in stiffness.

Fig. 14 presents the effect of aging on the fracture surface of pipe samples. The aging has a positive effect in term of stiffness but
it accelerates the time of fracture. The 25 and 60 °C aged samples becomes more brittle. The fracture surface of the 90 °C aged sam-
ple is characterized by the appearance of the slight river lines pointing to the same zone (Fig. 14-(d)).

On the other hand, Fig. 15 displays the load–deflection curves of both virgin samples and hydrothermally aged pipe samples con-
taining notch (depth of 4 mm). The obtained data, which are extracted from Fig. 15, are summarized in Fig. 16. Here, it is obvious
that both the stress intensity factors (KI) and Fracture energy (Gf) increase with the aging temperature. This indicates greater impacts
of hygrothermal aging on these characteristics. This finding agree well with those obtained by Omranian et al., [35] in their study
about the fracture properties of mixtures subjected to different ageing conditions.

As shown in Fig. 16, the stress intensity factor and fracture energy increased with the aging temperature. This can be explained by
the fact that the temperature accelerates the migration of plasticizers as previously described in Ref. [36].The resulting porosity and
voids can serve to impede, arrest, or deflect the crack as found in Ref. [37]. Thereby, improving the extrinsic toughness of the mater-
ial.

16
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Fig. 25. Von Mises stress distribution throughout the PVC notched pipe −4 mm (Model 3).

3.5. Numerical modeling results

In the present section, three-point bending test was conducted on the pipe sample for the model concave side down. Fig. 17 illus-
trates a comparison between the load–deflection curve of the numerical and experimental test. A good agreement was found between
the experimental and the numerical results. The experimental curve exhibits an elasto-plastic behavior and reach a maximum of
F = 304 N. The numerical curve follows perfectly the experimental ones. It is important to note that the discrepancy found between
the experimental curves can be related to the experimental error when cutting samples which can affect relatively the evolution of the
load–deflection curve as mentioned in similar research [38].

Fig. 18 illustrates the Von Mises stress distribution throughout the PVC Pipe of the model (concave side down). It can be observed
a compression and a tensile stress on the top and the bottom surface of the PVC pipe. The maximum stress reaches 19.6 MPa which
presents the maximum tensile strength mentioned in previous research [20] indicating the damage of the PVC pipe in the middle
area. Unlike the middle area throughout the thickness, the stress which has been recorded in the PVC pipe is equal to 1.63 MPa
which correspond to (medium fiber).

As seen in Fig. 19 a good agreement was found between the experimental and the numerical results. The experimental curve ex-
hibits an elasto-plastic behavior and reaches a maximum of F = 304 N. The numerical curve follows perfectly the experimental dis-
placement value of D = 16.65 mm. The small deviation may be attributed to the experiment conditions. The ratios of the FE model to
the experimental deflections (or load) at the load peak range from 0.9 to 1.0, indicating a good correlation with the experimental re-
sults.

Fig. 19 illustrates the load–deflection curve of the model (Concave side up). It can be observed a linear evolution at the begin-
ning. The discrepancy between the numerical and the experimental curve is more important than the first model. Then, the
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load–deflection curve exhibits a plastic deformation to reach a maximum load F = 0.22 kN. Finally, it can be observed a decreas-
ing of the recorded load similar to the experimental one. Fig. 20 presents the Von Mises stress distribution throughout the concave
side up model. It can be detected a compression and a tensile stress concentrated in the concave and convex side, respectively. The
ratios of the FE model to the experimental deflections (or load) at the load peak range from 0.9 to 1.0, reflecting a good relation-
ship with the experimental results.

In the present section, numerical simulations were conducted for the notched model. An XFEM damage technique has been used in
order to reproduce the crack propagation in every model. The maximum principal stress (Maxps) damage criteria has been used dur-
ing simulation. It is important to note that the fracture energy has been introduced for the damage evolution based on the experimen-
tal test. Four notches are analyzed, 1 mm, 2 mm, 3 mm and 4 mm. Fig. 21 displays a comparison between the experimental and the
numerical curve of unnotched and the notched model. A good agreement has been found between curves until the maximum load is
reached, then a small gap can be observed in the damage part of the curves. The initial behavior observed in all curves until crack nu-
cleates is almost elasto-plastic due to the materials modeling of the PVC pipe. The crack propagation throughout the thickness of the
pipe generates a decreasing in the load until reaching the total fracture of the Pipe. The effect of the notch length can be clearly seen
in the load–deflection curve. As the notch length increases the maximum recorded load decreases as discussed in the experimental
section.

The Von Mises stress distribution throughout the cross section of the model with notch length equal to 1 mm is presented in Fig.
22. It can be seen that the maximum stress concentration is localized in front of the notch. The notch effect in the stress distribution
throughout the thickness of the PVC pipe can be observed clearly when comparing with unnotched model. Furthermore, the crack is
propagated perpendicular to the solicited surface. Figs. 23, 24 and 25 illustrate the Von Mises stress distribution for crack length
equal to a = 2 mm, a = 3 mm, a = 4 mm, respectively. Similar stress distribution can be observed. It can be remarked that the
stress concentration area decreases with increasing the crack length.

Conclusion

In the present study, experimental and numerical studies of three-point bending test for PVC pipe have been conducted. The ob-
tained results and the correlation between the experimental and the numerical approach permit to deduce that for all configurations
and parameters retained in flexural tests, load–deflection or stress–strain responses, of pipe materials, showed typical features of ther-
moplastics, characterized by an elastic regime, followed by a nonlinear deformation up to yield peak, and subsequent brittle failure.
The flexural response of pipe materials largely depend on the test factors: the direction of the applied mechanical loading (internal or
external pressure), with and without initial notches, notch depths, hydrothermal aging. Both of the stress intensity factors (KI) and
Fracture energy (Gf) increase with the aging temperature. Also, the fracture energy decreases when the depth of initial crack in-
creases. The stress–strain behaviour of material pipe, in most cases, fits well with the established FE model that can be used in the de-
sign of pipe structures.

Finally, the introduction of a failure criteria for the numerical simulations may help to well model the behavior of polymeric mate-
rials for a large range of strain rate, and to distinguish brittle and ductile failure for tested material. This improvement needs a further
study.
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