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A B S T R A C T

While PEX-Al-PEX composite pipes are widely used in various applications, suitable tools and models for 
simulating their performance under different working conditions have not been made available. Therefore, the 
present study aims to develop a comprehensive finite element model to study the behavior of PEX-AL-PEX pipes 
at different temperatures and strain-rates. To achieve this, the properties of the pipe layers have been obtained 
for different temperature and strain-rate values through experimental tests. To assess the accuracy of the 
developed finite element model, the lateral compression and the split-disc tension tests have been performed 
under different conditions using both experimental and finite element analysis methods, and their results have 
been compared. The proposed model can be used to study the behavior of PEX-AL-PEX pipes with different 
materials and geometries in various conditions and applications, as well as for optimizing the design and 
manufacturing of these pipes.

1. Introduction

Over the past few decades, composite pipes have been increasingly 
used in various industries and applications due to their exceptional 
properties [1–3]. These pipes combine lightweight with high strength 
and stiffness, and exhibit good thermal properties, excellent resistance 
to corrosion, extended service life, decreased maintenance and use costs, 
and a host of distinctive attributes in comparison to traditional plastic 
and metal pipes [4–6].

Among the composite pipes, the ones with multilayered structure are 
manufactured using a well-engineered combination of several layers. 
Each layer is made of a selected material to provide a specific feature. 
With this composite of high-quality materials, multilayer pipes can be 
strong and stable similar to metal pipes, while maintaining lightweight, 
ease of shaping, cutting and installation akin to plastic pipes [7–9].

Multilayered composite pipes find their primary application in water 
and gas transportation, but they also serve a wide range of other pur-
poses. These include use in fuel oil lines, compressed air systems, solar 
heating, food/chemical processing, air conditioning, refrigerant sys-
tems, air conditioning, underfloor heating and more [10–12]. This wide 
application has encouraged several studies to investigate different 
properties of these pipes. Hutar et al. [13] used fracture mechanics to 
analyze the effect of a cracked protective layer on the integrity of 

multilayer composite pipes. Niedermayer and Frankenheim [14] 
employed the field matching technique to analytically calculate longi-
tudinal and transverse resistive wall impedances of a circular multilayer 
pipe. Aguiar et al. [15] proposed a new finite element model to study the 
behavior of three-dimensional multilayered pipe in pipeline applica-
tions. Sarvestani and Hojjati [16] presented a new method based on 
Toroidal Elasticity to study curved pipes made of thick laminated 
composite subjected to mechanical loadings. Bai et al. [17] employed 
the finite element model of a multilayered flexible pipe to analyze the 
mechanical response of the internal cylinder when subjected to external 
pressure and being confined by outer cylinders. Hartmann et al. [18] 
proposed an analytical solution for multilayered thick-walled tubes 
under constant axial deformation, internal and external pressure using 
small strain thermo-elasticity theory. Wu et al. [19] used elasticity 
equations to find analytical solutions for the stresses and displacements 
in each layer of an infinite multilayer pipe bonded by viscoelastic 
interlayer. Zhang et al. [20] used thermo-elasticity theory to determine 
displacement, stress, and temperature fields in a multilayered pipe with 
temperature-dependent properties subjected to thermal load and 
non-uniform pressure. Dong et al. [7] employed large deformation finite 
element simulations to explore the effect of multilayer 
pipeline-backfill-trench interaction on the soil pressure on the pipe and 
deformation of the pipe section. Travnicek et al. [21] developed 
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numerical simulations coupled with lifetime estimations to study the 
performance of a multilayered pipe formed by sandwiching a recycled 
high-density polyethylene (HDPE) layer between two protective layers 
made of virgin HDPE.

One of the most popular types of multilayer pipes is the PEX-Al-PEX 
(cross-linked polyethylene-aluminum-cross-linked polyethylene) com-
posite pipe which finds extensive use in plumbing, heating, and cooling 
systems within buildings. This type of pipe consists of three primary 
layers: an inner and outer layer of PEX, with a layer of aluminum 
sandwiched between them. A polyethylene adhesive is applied between 
the layers to securely bond the aluminum layer to the inner and outer 
PEX layers. The inclusion of the aluminum layer significantly enhances 
the pipe’s strength, stiffness, stability, and durability. It also results in a 
higher temperature and pressure rating, as well as reduced expansion 
and contraction. Additionally, the aluminum layer serves as an effective 
oxygen barrier, reducing the risk of corrosion, scaling, and deterioration 
of water quality.

Despite the widespread use of PEX-Al-PEX pipes, there is a limited 
amount of research available in the open literature regarding their 
mechanical properties and behavior. Specifically, the authors identified 
only two relevant articles in the existing body of research. Riahi and 
Ebrahimi [22] proposed an apparatus for the online evaluation of the 
aluminum layer seam weld in PEX-AL-PEX pipes by using an inductive 
proximity sensor. Atarodi Kashani et al. [23] conducted experiments to 
assess the long-term performance of PEX multi-layer pipes over a 
duration of 1000 h, considering various pipe diameters and two different 
welding types, namely, tungsten inert gas and ultrasonic welding. They 
also employed classical elasticity theory to carry out an analysis for hoop 
and radial stresses within the layers of the pipe. In both of mentioned 
studies, the main focus was placed on the seam weld of the aluminum 
layer, and the material properties of the pipe layers were not considered 
in detail. Furthermore, an elaborated modeling strategy was not pre-
sented in these studies.

To address this gap in the literature, a comprehensive finite element 
framework is developed here in the Abaqus/explicit software for 
modeling the mechanical behavior of PEX-Al-PEX composite pipes in 
various working conditions. To achieve this, the properties of the pipe 
PEX and aluminum layers have been obtained for different values of 
temperature and strain-rate through experimental tests and other valid 
methods. Subsequently, these properties have been implemented using 
available models in the Abaqus default library and by writing a VUMAT 
subroutine. To assess the accuracy of the developed finite element 
model, two standard tests, the lateral compression test and the split-disc 
tension test, have been performed under different conditions using both 
experimental and finite element analysis methods, and their results have 
been compared. Furthermore, the radial and circumferential stress dis-
tributions in the pipe under two different pressures have been obtained 
using the finite element model and compared with the results of an 
analytical method presented in Ref. [23]. Details of the experimental 
and finite element methods are shown in the subsequent sections.

2. Materials and methods

In this section, first the geometric dimensions of the pipe are accu-
rately measured and detailed in part 2.1. The dimensions of the pipe are 
manufactured according to the standard. However, the diameter and 
thickness of the pipe layers have specified tolerances as per the relevant 
standard and these dimensions may vary slightly in different segments of 
the pipe. Therefore, precise measurement of these dimensions is essen-
tial for accurate modeling.

In Parts 2.2 to 2.4, constitutive equations for modeling the defor-
mation behavior of the pipe components are proposed and compared 
with experimental stress-strain curves at different temperatures and 
strain-rates. The experimental properties of the PEX and adhesive layers 
under the desired operating conditions were obtained from their man-
ufacturers and are presented in Parts 2.3 and 2.4. However, the 

experimental stress-strain curves for the aluminum layer at various 
temperatures and strain-rates were not provided by its manufacturer. 
Although the employed aluminum is standardized, there may be some 
degree of variation between the properties of sheets produced by 
different manufacturers. Therefore, a sample of the sheet used in the 
pipe was obtained from the pipe manufacturer, and its stress-strain 
curve under different operating conditions was extracted as explained 
in Part 2.2.

2.1. Pipe dimensions

To carry out the studies, two PEX-Al-PEX pipe branches with stan-
dard sizes of 2025 and 2532 (according to ASTM f1281 [24]) were ob-
tained from the associated manufacturing company. To determine the 
precise dimensions of the pipes, the inner and outer diameters were 
measured using a caliper on various cut pieces of each branch after 
cutting them to appropriate lengths. Observations showed that the inner 
and outer diameters vary slightly along the length of each branch. 
Therefore, in accordance with Table (1), average values were used to 
report these dimensions.

To determine the layers thickness accurately, various cuts of the pipe 
were imaged under a 20× optical microscope. Examples of these images 
are shown in figure (1). The thickness values differed slightly across 
different sections, and the average values are reported in Table (2).

To create geometry of models in finite element simulations, average 
sizes given in tables (1) and (2) were used.

2.2. Properties and constitutive modeling of the aluminum layer

A commonly used material for the production of PEX-Al-PEX pipes is 
the aluminum alloy 3003. To obtain the properties of this alloy, a piece 
of aluminum 3003 sheet was obtained from the pipe manufacturer and 
test specimens were made using the wire-cutting method for tension 
testing according to the ASTM E8/E8M standard [25]. The standard 
dimensions of the samples and an image of a fabricated sample are 
shown in figures (2) and (3).

The tension test was performed for aluminum samples in different 
strain-rates of 0.001/s, 0.01/s, 0.1/s, and 1.0/s at T = 20ᵒC and different 
temperatures of 20, 50, 75, and 100ᵒC at strain-rate of 0.001/s. Each test 
was replicated three times according to ASTM E8/E8M standard. An 
image of two fractured specimens after the tensile test is shown in figure 
(4).

For defining the plastic behavior of aluminum and its alloys which is 
dependent on the plastic strain, strain-rate and temperature, adopting 
the Johnson-Cook constitutive model is very popular [26–30]. In the 
Johnson–Cook equation, the flow stress of the material is expressed as 
[31–34]: 

σY =
(

A+Bεn
p

)(
1+C ln ε,t

)
(1 − Tm

) (1) 

where σY, εp, and Tmelt are flow stress, plastic strain, and melting tem-
perature of the material, respectively. A (in MPa) is the yield stress of the 
material at reference strain-rate and temperature, B (in MPa) and n 
represent the hardening modulus and work-hardening exponent, which 
describe the influence of strain hardening. C and m are the strain-rate 
hardening and thermal softening coefficient, respectively. The 
subscript “, t” under a variable indicates the time derivative of that 

Table 1 
The measured dimensions of the 2025 and 2532 pipes (in mm).

Nominal 
pipe size

Outside 
diameter 
range

Inside 
diameter 
range

Average 
Outside 
diameter

Average 
inside 
diameter

2025 25.1–25.9 19.8–20.4 25.5 20.1
2532 31.7–32.7 25.1–25.5 32.2 25.3
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variable. The dimensionless strain-rate (ε,t) and temperature (T) are 
defined as: 

ε,t =
ε,t

ε,t− ref
,T =

T − Tref

Tmelt − Tref
(2) 

with respect to the reference strain-rate (ε,t− ref) and reference temper-
ature (Tref). The melting temperature for aluminum 3003 alloy is Tmlet =

650∘C as indicated in Refs. [35–37].
By adopting the linear elastic model before yielding and Johnson- 

Cook model after it, the following constitutive relationship has been 
used for the aluminum layer in this study: 
{ σ = Eε if σ ≤ σY0

σ =
(

A + Bεn
p

)(
1 + C ln ε,t

)
(1 − Tm

) if σ > σY0
(3) 

The experimental stress-strain curves of aluminum samples were 

employed for determining the unknown parameters of the Johnson- 
Cook model. To this end, Tref = 20∘C and ε,t− ref = 0.001 mm/s have 
been selected as the reference temperature and strain-rate, respectively. 
By fitting different parts of equation (3) to experimental data, values 
listed in Table (3) were obtained for properties of the aluminum layer.

The value of v = 0.33 has been selected for Poisson’s ratio, which is a 
typical value for aluminum and its alloys [38–41].

The ductile damage model has been used to predict the fracture of 
the aluminum layer in the finite element simulations. In this model, 
failure occurs when the plastic strain reaches a critical value called 
fracture strain. The value of the fracture strain is a function of the strain- 
rate and temperature and is obtained from the experimental stress-stress 
curve. At any time in the damage process, the stress tensor of the ma-
terial (σ) is given by the scalar damage equation: 

σ =(1 − D)σ (4) 

Therein, D is the overall damage variable and σ is the effective stress 
tensor calculated in the current increment. In other words, σ is the stress 
that would exist in the material in the absence of damage. When D = 1, 
the material loses its bearing capacity. By default, if all cross-section 
points at any integration location lose their load-bearing capacity, an 
element is deleted from the grid.

To examine the validity of the developed material model, several 
tension tests have been implemented in the finite element software for 
different strain-rates and temperatures according to the ASTM E8/E8M. 
The predictions made by the developed model are compared with 
experimental data in figures (5) and (6), respectively.

As these figures suggest, the developed material model is capable of 
predicting the stress-strain behavior of the aluminum layer in different 
conditions by suitable accuracy.

2.3. Properties and constitutive modeling of PEX layers

The experimental stress-strain curves of the PEX material used in the 
manufacturing of the PEX-Al-PEX pipe were obtained at selected strain- 
rates (0.001/s, 0.01/s, 0.1/s, and 1.0/s at T = 20ᵒC) and temperatures 
(20, 50, 75, and 100ᵒC at strain-rate of 0.1/s) from a company that 
supplies this material to the pipe manufacturer.

To develop the associated constitutive relations, it was noted that in 
several previous studies the dependence of the elastic and plastic 
properties of polyethylene materials on the strain-rate was described by 
power-law relations [42–44] and on temperature by exponential func-
tions [45–47]. Therefore, in this study the following relations have been 
used to obtain the elastic modulus (E), initial yield stress (σY0) and the 
tangential modulus of the stress-strain curve in the plastic deformation 
region (Et) in a specific strain-rate and temperature: 

Fig. 1. A portion of PEX-Al-PEX pipes under optical microscope.

Table 2 
The average measured thickness of layers (in mm).

Nominal 
pipe size

Outer PEX 
thickness

Aluminum 
thickness

Inner PEX 
thickness

Total 
thickness

2025 0.90 0.40 1.40 2.70
2532 0.90 0.45 2.10 3.45

Fig. 2. Dimensions (in mm) of test samples according to ASTM E8/ 
E8M standard.

Fig. 3. An aluminum sample made by wirecut for the tension test.

Fig. 4. Two aluminum 3003 samples after tensile test.

Table 3 
Material parameters of equation (3) obtained for the aluminum layer.

E (GPa) A (MPa) B (MPa) C n m

68.9 154.67 57.17 0.0146 1.0 0.9984
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E= Eref
(
1+A1

(
ε,t b1 − 1

))
ec1T (5) 

σY0 = σY0− ref
(
1+A2

(
ε,t b2 − 1

))
ec2T (6) 

Et = Et
ref
(
1+A3

(
ε,t b3 − 1

))
ec3T (7) 

where Eref , σY0− ref , and Et
ref are the elastic modulus, initial yield stress 

and tangential modulus at the reference strain-rate and temperature, 
respectively. A, b, and c are material parameters that are obtained by 
fitting relations (5), (6), and (7) to experimental data.

By assuming an elastic-linearly hardening plastic model in which the 
stress and plastic strain are linearly dependent in the plastic deformation 
zone, the following constitutive relationship has been used to charac-
terize the PEX material mechanical behavior: 
⎧
⎨

⎩

σ = Eε if σ ≤ σY0

σ = σY0 + Et

(
ε − σY0

E

)
if σ > σY0

(8) 

Since the material behavior defined in equations (5)–(8) is not 
included as an option in the default material library of Abaqus, a 
VUMAT subroutine was developed to implement the material model 
given in these equations. The ductile damage model along with the 
element deletion option was also coded in the this VUMAT subroutine to 
simulate the fracture process of the PEX material. The fracture process 
was triggered in a certain fracture strain with damage variable start to 
increase from D = 0. The process continued and the damage variable 
increased linearly with the equivalent plastic strain to D = 1 where 
another fracture strain threshold is met and total fracture occurs. The 
values for fracture strains were obtained from experimental stress-strain 
curves of the PEX material at different strain-rates and temperatures.

In order to determine the associated material constants, these 
equations have been fitted to experimental data and the values obtained 

for these constants are listed in Tables (4) and (5).
To examine the validity of the proposed material model, tension tests 

according to the ASTM D638 [48] have been simulated in the finite 
element software at different strain-rates and temperatures. The results 
of the model are compared with experimental data in figures (7) and (8), 
respectively.

According to figures (7) and (8), the material model proposed for 
PEX can properly predict its properties in different conditions of strain- 
rate and temperature.

2.4. Properties and constitutive modeling of the adhesive material

For modeling the adhesive that binds different layers of the pipe 
together, the cohesive zone element and associated traction-separation 
law based on the maximum principal stress have been employed in 
Abaqus [49]. The adhesive used in the pipe was the ARIA adhesive 
4107T242. The properties of this adhesive were taken from the sup-
plier’s catalogue and are presented in Table 6 at T = 20ᵒC.

The thickness of the adhesive layer was assumed to be 0.01 mm 
[50–53]. Since the properties of adhesive were not specified at different 
temperatures and strain-rates, the effect of strain-rate on its properties 
was neglected. Furthermore, it was assumed that the mechanical 
strength and stiffness of adhesive decrease linearly from their initial 
values given in Table (6) at T = 20ᵒC to about 10 % of their initial values 
at T = 102ᵒC (Vicat softening point) based on information provided by 
the supplier. For this purpose, these properties were defined as 
temperature-dependent functions within the property module of 
Abaqus.

2.5. Modeling assumptions

Since different types of aluminum welding were comprehensively 
investigated in previous studies on PEX-Al-PEX pipes [22,23], for the 
sake of simplicity and to focus more on material properties, the presence 
of the weld seam in the aluminum layer of the pipe has been disregarded 
in finite element model. The experimental tests were also conducted 
such that the effect of the weld seam on the result was minimal.

Due to the significantly smaller deformation of the tools in com-
parison to the specimens, they were modelled as rigid bodies in all 
simulations. Owing to the symmetry present in the problems and for the 
purpose of reducing computational costs, one-eighth of the models were 
used in the simulations. Element types R3D4,1 C3D8R,2 and COH3D83

were used to mesh tools, PEX and aluminum layers, and cohesive layers, 
respectively.

The appropriate element size for performing the finite element 
simulations was determined by performing mesh independence study in 
each case. The results of the mesh independence study for the lateral 
compression test are presented in Table (7) for a test fixture speed of 0.1 
mm/s and a temperature of 20 ◦C. In this table the maximum von Mises 
stress in the pipe at the maximum compressive displacement is listed 
against the element size of the pipe. Based on this table, the element size 
of 0.1 mm is appropriate for meshing the pipe model in the lateral 
compression test. The same mesh size was observed to be a suitable 

Fig. 5. Comparing the prediction of the aluminum 3003 material model with 
experimental data at different strain-rates.

Fig. 6. Comparing the prediction of the aluminum 3003 material model with 
experimental data at different temperatures.

Table 4 
PEX properties at the reference strain-rate and temperature.

Eref (MPa) σY0− ref (MPa) Et
ref (MPa)

247 16.5 42

1 A 4-node 3-D bilinear rigid quadrilateral.
2 An 8-node linear brick, reduced integration, hourglass control.
3 An 8-node three-dimensional cohesive element.
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choice for other values of the fixture speed and temperature.
The results of a similar study for the split-disk test are presented in 

Table (8) for a test fixture speed of 0.1 mm/s and a temperature of 20 ◦C. 
According to this table, the element size of 0.1 mm is appropriate for 
modeling this test too. The mesh size of 0.1 mm was also found to be 
satisfactory for other values of the fixture speed and temperature.

A convergence study was also performed on the time step size of the 
simulations and it was observed that a step size of 5 × 10− 5s is suitable 
for all simulations.

It should also be noted that the operational range considered for the 
PEX-Al-PEX pipe in this study is a temperature range of 20-100ᵒC and 
loading speed range of 0.001–1.0 mm/s. Therefore, caution should be 
exercised when applying the findings of this article to specific operating 
conditions outside of this defined range. For example, some mechanical 
properties of polymers degrade at temperatures above 150ᵒC, leading to 
reduced stiffness and strength [54], which has not been considered in 
this study. Additionally, studying very high strain-rates, such as those 
resulting from a bullet impact on the pipe, may not be feasible with the 
models presented in this article.

3. Results and discussion

In this section, two standard tests, frequently used to evaluate pipe 
performance, are studied using both experimental and finite element 
methods, and their results are compared to validate the finite element 
model.

3.1. Pipe lateral compression test

One of the common tests for studying the mechanical behavior of 
pipes under different working conditions is the lateral compression test 
which has been widely used in many previous studies such as [55–57]. 
This test has been also used in the current research to analyze the 
behavior of PEX and PEX-Al-PEX pipes. For this purpose, compression 
samples were prepared with the length of 25 mm and internal diameter 
of 20 mm from 2025 PEX-Al-PEX pipe according to the geometry pre-
sented in Ref. [57]. To create single-layer samples of the PEX material, a 
PEX-Al-PEX pipe was machined [57] and its outer PEX and aluminum 
layers were removed, and the thickness of the inner PEX layer was 
reduced to 1 mm. The PEX and PEX-Al-PEX compression test samples are 
shown in figure (9). Snapshots of the PEX-Al-PEX pipe compression at 
different time points are also provided in figure (10). The tests have been 
performed at T = 20ᵒC for four different speeds (0.001, 0.01, 0.1, and 
1.0 mm/s) of the compressive test fixture, and at different temperatures 
(20, 50, 75, 100ᵒC) for fixture speed of 0.1 mm/s. Each test was repeated 
on five specimens to obtain a reliable average for a sample.

The developed finite element model has been also used to simulate 
the lateral compression test of PEX and PEX-AL-PEX pipes. Figure (11)
shows examples of the finite element meshes used for this purpose. It is 
important to note that coarse meshes are displayed in this figure, and the 
FEM simulations were actually performed using finer meshes.

The loading and boundary conditions for the FEM models of the 
lateral compression test are as follows: 

Table 5 
Material parameters for the PEX material.

A1 b1 c1 A2 b2 c2 A3 b3 c3

0.3 0.31 − 2.6 185 1.8 × 10− 4 − 1.4 − 0.65 − 0.3 − 1.5

Fig. 7. Comparison of the PEX model prediction with experimental data at 
different strain-rates.

Fig. 8. Comparison of the PEX model prediction with experimental data at 
different temperatures.

Table 6 
Average properties of the adhesive material.

Property Value Unit

Density 930 Kg/m3
Melting temperature 139 ᵒC
Vicat softening point 102 ᵒC
Elastic modulus 17 MPa
Tensile strain at break 400 %
Tensile stress at yield 14 MPa
Tensile stress at break 15 MPa

Table 7 
Results of the mesh independence study for the lateral compression test.

Element size (mm) Maximum von Mises stress in pipe (MPa) Error (%)

2.0 127.2 22.1
1.0 163.2 18.0
0.5 199.0 − 11.7
0.25 178.1 0.5
0.1 179.0 0.9
0.05 180.6 –

Table 8 
Results of the mesh independence study for the split-disk test.

Element size (mm) Maximum von Mises stress in pipe (MPa) Error (%)

2.0 97.0 31.4
1.0 141.4 16.8
0.5 170.0 5.4
0.25 179.7 1.1
0.10 181.7 0.4
0.05 182.4 –
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- All degrees of freedom are fixed for the reference point of the rigid 
plate, denoted by number 1 in Figure (11), except for the y- 
displacement, which matches the vertical displacement of the test 
fixture.

- A y-symmetry boundary condition is applied to the pipe surface 
which is perpendicular to the y-axis and labeled as number 2 in 
Figure (11).

- An x-symmetry boundary condition is applied to the pipe surface 
which is perpendicular to the x-axis and marked as number 3 in 
Figure (11).

- A z-symmetry boundary condition is applied to the pipe surface 
which is perpendicular to the z-axis and shown as number 4 in 
Figure (11).

The force-displacement curves for the lateral compression of the 
single-layer PEX pipe obtained by the finite element model are 
compared with experimental data in figures (12) and (13) at different 
values of the testing machine crosshead speed and working temperature, 
respectively. According to these figure, the finite element predictions are 
in good agreement with results of the experimental tests in all simulated 
conditions.

The force-displacement curves for the lateral compression of the 
PEX-Al-PEX pipe obtained by the finite element model are compared 
with experimental data in figures (14) and (15) at different values of the 
testing machine crosshead speed and working temperature, respec-
tively. According to these figures, the finite element model can predict 
the results of the experimental tests with good accuracy in all simulated 
conditions.

The deformed shapes of the PEX-Al-PEX pipe at a moment during 
lateral compression, at maximum compression with 16 mm displace-
ment of compression fixtures, and after unloading are shown in 
Figure (16) for both experimental and finite element methods.

The distribution of the von-Mises stress in the multilayer pipe is 
shown in figure (17) at four different moments of the lateral compres-
sion test. It can be seen that the maximum stress occurs in the aluminum 
layer at every stage of the compression test.

3.2. Pipe split-disk tensile test

Another commonly used test for examining the mechanical proper-
ties of pipes is the split-disk tensile test defined by ASTM D2290 stan-
dard [58] used by several previous studies such as [59–61]. The 
split-disk test can be used as a simple alternative for the hydrostatic 
pressure test to determine the circumferential tensile strength and 
stiffness of the pipe. Compared with test methods like the hydrostatic 
burst test in which the whole products have to be tested, the split-disk 
test has advantages of simplicity, low cost and high efficiency [62].

In this testing method, the standard sample which has a loop-like 
shape is placed around the two halves of a split-disk. Each half of the 
disk is pulled by one of the jaws of the tensile testing machine until the 
sample breaks. This test is used to determine the tensile properties of the 

Fig. 9. Compression samples of PEX and PEX-Al-PEX pipes.

Fig. 10. Snapshots of the PEX-Al-PEX pipe compression at different 
time points.

Fig. 11. Finite element meshes for lateral compression test of PEX and PEX-Al-PEX pipes.
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tube in the circumferential direction. The standard geometry of the 
sample and two samples made by CNC machining for PEX-Al-PEX and 
PEX pipes are presented in figure (18). Just like the lateral compression 
test, the thickness of the PEX pipe is 1 mm.

Two fixtures have been made along with two half disks to perform 
the split-disk test on a universal tensile test machine. The tests have been 
performed at T = 20ᵒC for four different speeds (0.001, 0.01, 0.1, and 
1.0 mm/s) of the compressive test fixture, and at different temperatures 
(20, 50, 75, 100ᵒC) for fixture speed of 0.1 mm/s. Each test was repeated 
on five specimens to obtain a reliable average for a sample according to 
standard [58]. Two views of a mounted specimen for the split-disk test 
are provided in figure (19).

Figures (20) shows examples of the finite element models used for 
the split-disk test of PEX and PEX-Al-PEX pipes. In order to avoid 
excessive mesh distortion in the finite element simulation of the split- 
disk test, arbitrary Lagrangian -Eulerian (ALE) adaptive meshing strat-
egy has been applied to the pipe layers.

The loading and boundary conditions for the FEM models of the split- 
disk test are as follows: 

- All degrees of freedom are fixed for the reference point of the rigid 
tool, denoted by number 1 in Figure (20), except for the y- 
displacement, which matches the vertical displacement of the split- 
disk in the experimental test.

- A y-symmetry boundary condition is applied to the pipe surface 
which is perpendicular to the y-axis and labeled as number 2 in 
Figure (20).

- An x-symmetry boundary condition is applied to the pipe surface 
which is perpendicular to the x-axis and marked as number 3 in 
Figure (20).

- A z-symmetry boundary condition is applied to the pipe surface 
which is perpendicular to the z-axis and shown as number 4 in 
Figure (20).

The force-displacement curves for the single-layer PEX pipe are given 
in figures (21) and (22) at different values of the testing machine 
crosshead speed and working temperature, respectively. According to 
these figure, the finite element predictions are in good agreement with 
results of the experimental tests in all simulated conditions.

According to these figures, the force increases with displacement to a 

Fig. 12. Comparison of the finite element results and experimental data for lateral compression of PEX pipe at different speeds of the testing machine crosshead.

Fig. 13. Comparison of the finite element results and experimental data for lateral compression of PEX pipe at different working temperatures.
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maximum value in all conditions, after which it suddenly drops to zero 
due to the rupture of the test specimen. Furthermore, the rupture force 
increases as the crosshead speed increases and the working temperature 
decreases. This can be attributed to the fact that the flow stress of the 
PEX rises with an increase in strain-rate and a decrease in temperature.

To discuss the damage evolution and rupture process in the PEX 
specimen, the distributions of the effective strain and von-Mises stress in 
the specimen obtained by the finite element method are analyzed here at 
some key moments of simulation. Only one of the simulations performed 
at the crosshead speed of 0.1 mm/s and working temperature of T =

Fig. 14. Comparison of the finite element results and experimental data for lateral compression of PEX-Al-PEX pipe at different speeds of the testing ma-
chine crosshead.

Fig. 15. Comparison of the finite element results and experimental data for lateral compression of PEX-Al-PEX pipe at different working temperatures.

Fig. 16. The deformed shape of the PEX-Al-PEX pipe at a point during the compression, at the maximum compression, and after unloading.
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20ᵒC is considered for the sake of brevity.
The contours of the von-Mises stress and effective strain in the PEX 

specimen just before the damage initiation are shown in figure (23). It is 
evident from this figure that the maximum values of both stress and 
strain occur at the edge of the hole located in the inner surface of the 
specimen. This location is the critical zone of the specimen which is 
subjected to the maximum stress and strain.

The contours of the von-Mises stress and effective strain in the 
specimen are displayed in figure (24) during the damage evolution at the 
brink of the rupture initiation. According to this figure, while the 
effective strain has increased in the critical zone, the von-Mises stress 
has decreased in this location. This is due to the fact that as deformation 
continues and damage grows in the specimen, the von-Mises stress de-
creases in the damaged elements according to equation (4).

The von-Mises stress decreases in the critical zone until the damage 
parameter reaches its critical value (equal to unity) and elements located 
at this zone are deleted since they are completely damaged and cannot 

sustain loads anymore. This condition which is the start of the specimen 
rupture process is shown in figure (25).

Different episodes of the specimen deformation before, during and 
after its rupture are displayed in figure (26). Based on this figure, during 
the rupture process more and more elements are completely damaged 
and deleted from the finite element model until two parts of the spec-
imen are separated at its narrowest cross-section.

The force-displacement curves obtained by the experimental and 
finite element methods for the split-disk test of the PEX-Al-PEX pipe at 
different values of strain-rate and temperature are compared in figures 
(27) and (28), respectively. According to these figures, the finite element 
model can predict experimental data with reasonable accuracy.

As can be seen in these figures, the force increases with displacement 
in the elastic region and up to a certain point in the plastic region. Then, 
at a specific displacement, the force suddenly decreases to a lower level. 
After this drop, the force increases slightly again and ultimately drops to 
zero with another sudden decrease. To understand this behavior in the 
force-displacement diagram, it is necessary to examine the pipe’s shape 
during the deformation process. For this purpose, the results of the finite 
element method will be used.

Figure (29) depicts the evolution of deformation in the multilayer 
pipe at various moments in time. The entire simulation duration was 20 
s, and in this figure, the PEX material is denoted in purple, while the 
aluminum material is represented in green.

In accordance with figure (29), at t = 11.22 s the rupture process has 
not yet commenced in the pipe, and the force value in the force- 
displacement graph is still increasing. However, just a moment later, 
at t = 11.24 s, the rupture of the inner layer of the pipe initiates, and as 
figure (29) illustrates, it continues until t = 13.88 s when this layer 
completely fractures. In fact, the abrupt drop in force that occurs after 
the initial ascent in the force-displacement graph is a result of this 
rupture process in the inner layer of the pipe. It’s worth noting that 
although the inner layer of the pipe withstands significantly less stress 

Fig. 17. The deformed shape of the PEX-Al-PEX pipe after removing the compressive load.

Fig. 18. Standard geometry of the sample, PEX-Al-PEX and PEX samples for 
split-disk test.

Fig. 19. Two views of a mounted specimen for the split-disk test.
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compared to the aluminum layer, it bears a substantial portion of the 
force due to its larger cross-sectional area.

After the rupture of the inner layer, the force increases slightly due to 
the strain-hardening of the middle and outer layers of the pipe, up until 
the rupture process begins in these layers as well. To observe the 
continuation of the rupture process in the pipe, another view of pipe has 
been provided in figure (30).

In this figure, at t = 15.94 s, rupture has occurred solely in the inner 
layer, and it has not yet spread to the middle and outer layers. A moment 
later, at t = 15.96 s, the rupture process continues with the breaking of 
a portion of the outer layer. As depicted in the figure, at t = 16.86 s, 
sections of the middle layer of the pipe, along with the outer layer, have 

experienced breaking. The process of rupture progresses over time, and 
at t = 17.30 s, more sections of the middle and outer layers have 
ruptured. At t = 17.32 s, the outer layer has completely broken, leaving 
only a small portion of the middle layer to bear the force. Finally, this 
remaining section also breaks a short while later at t = 17.38 s, 

Fig. 20. Finite element models for the split-disk test of PEX and PEX-Al-PEX pipes.

Fig. 21. Comparison of the force obtained by finite element and experimental 
methods in split-disk test of PEX pipe at different cross-head speeds.

Fig. 22. Comparison of the force obtained by finite element and experimental 
methods in split-disk test of PEX pipe at different working temperatures.

Fig. 23. The von-Mises stress and effective strain distribution in the PEX 
specimen just before damage initiation.

Fig. 24. The von-Mises stress and effective strain distribution in the PEX 
specimen during damage evolution.
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resulting in the complete separation of the two pipe sections, and the 
force drops to zero.

An example of the von-Mises stress distribution in the pipe before the 
initiation of the rupture process is illustrated in figure (31). According to 
this figure, the highest stress is generated in the aluminum layer and 
then the inner layer, respectively, while the outer layer bears the lowest 
stress magnitude. However, due to the higher strength of aluminum 
compared to PEX, the aluminum layer is the last layer of the pipe to 
rupture.

3.3. Internal pressure loading

Given that the primary function of pipes is to transport various fluids, 

the internal pressure exerted by the fluid on the pipe is the most common 
load that the pipe experiences throughout its operational life. Therefore, 
in this section, the distribution of strain and stress in a PEX-Al-PEX pipe 
is investigated under internal pressure. The plumbing water pressure 
typically ranges between 276 and 552 kPa (40 and 80psi). Water pres-
sure below 276 kPa is considered low, and water pressure above 552 kPa 
is considered too high [63,64]. In light of this consideration, the study 
has been conducted for these values of the internal pressure.

For the distributions of the radial and hoop stresses in the PEX-Al- 
PEX pipes, analytical solutions have been presented by Atarodi- 
Kashani et al. in Ref. [23] based on the classical elasticity theory. To 
further assess the validity of the finite element model, a comparison will 
be made between the stress predicted by the finite element method and 
the mentioned analytical approach. The distributions of the hoop and 
radial stresses in the radial direction of 2025 and 2532 pipes obtained by 
finite element and analytical methods are compared in figures (32) and 
(33) for internal pressures of 276 and 552 kPa.

As can be seen in these figures, the results of finite element and 
analytical methods are in relatively good agreement in all studied cases.

3.4. Significance and novelty of the results

Nowadays, PEX-AL-PEX pipes are increasingly used in industrial, 
agricultural, and domestic applications. However, to the authors’ 
knowledge, apart from two articles that have examined the weld seam of 
the aluminum layer in these pipes [22,23], no studies have been pub-
lished on the behavior of these pipes and their components. In this 
paper, suitable constitutive models that can predict the elastic, plastic, 
and mechanical damage behavior of various components of these pipes 
at different temperatures and strain-rates are introduced. Additionally, 
the method of modeling the layered structure of these pipes, where 
layers are bonded with adhesive, using the finite element method is 
explained. Using the developed model, the behavior of the pipe and its 

Fig. 25. The von-Mises stress and effective strain distribution in the PEX 
specimen at the start of the rupture process.

Fig. 26. Different episodes of the specimen deformation before, during and 
after its rupture.

Fig. 27. Comparison of the force obtained by finite element and experimental 
methods in split-disk test of PEX-Al-PEX pipe at different crosshead speeds.

Fig. 28. Comparison of the force obtained by finite element and experimental 
methods in split-disk test of PEX-Al-PEX pipe at different working temperatures.
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layers from the beginning of loading to the moment of final failure under 
various loading and operating conditions can be simulated. The failure 
process of the pipe and the sequence of rupture of its layers are also 
identified using damage mechanics in the finite element model, and the 
models of the pipe and its layers are extensively validated with experi-
mental data. The aim of this comprehensive study is to reduce the gap in 

the literature regarding the examination of the properties and me-
chanical behavior of PEX-AL-PEX pipes, providing a modeling frame-
work that will assist researchers and engineers in analyzing, designing, 
and optimizing these pipes.

4. Conclusion

In this paper, a finite element model was developed in the Abaqus/ 
Explicit software to study the mechanical behavior of PEX-AL-PEX pipes 
under various strain-rates and temperatures. The properties of different 
layers of the pipe were obtained either from appropriate experimental 

Fig. 29. The rupture process of the inner layer of the pipe.

Fig. 30. The rupture process of the middle and outer layers of the pipe.

Fig. 31. An example of the von Mises stress distribution in the pipe before the 
initiation of the rupture process.

Fig. 32. Distribution of the hoop stress in the hoop direction of the pipes.
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tests or from their respective manufacturers. Experimental results 
showed that the elastic modulus, yield strength, and tangential modulus 
follow power-law relationships with strain-rate and exponential re-
lationships with temperature for PEX material. Since such a material 
behavior is not available as a default in the Abaqus library, a VUMAT 
subroutine was developed to define the material properties. For 
modeling aluminum, an elastic-plastic behavior with linear strain- 
hardening was used. The plastic behavior of aluminum, as well as its 
damage behavior, was implemented using the Johnson-Cook material 
model, which can describe the strain-rate and temperature dependence. 
To evaluate the accuracy of the developed model, the lateral compres-
sion and the split-disk tension tests were performed following the rele-
vant standards. The tests were performed at different temperatures and 
strain-rates, and the force-displacement curves were obtained. Simula-
tion of these tests using the finite element method and comparison of the 
results with experimental data under different working conditions 
demonstrated that the developed model had reasonable accuracy.
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