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ABSTRACT: Pipeline systems are the primary means of transporting materials in many industries.
Cleaning, inspecting, and overhauling these systems are crucial for maintaining their efficiency. Pipeline
pigging is one of the most effective methods for cleaning and sealing pipelines. Therefore, studying the
behavior of the sealing elements of pigs as they pass through steel pipes is essential to prevent blockages
and ensure smooth operation. One of the key procedures in simulating the sealing discs, as the primary
sealing elements of the pig, is predicting the hyperelastic behavior of these elastomers, which can endure

large strains. However, the range of strain experienced in the present simulation is smaller than that  Keywords:

observed in uniaxial tensile tests. Therefore, selecting the optimal range of data from the stress-strain = g . ¢ Discs

curve is a significant challenge in accurately calculating the hyperelastic model coefficient. To ensure .

. . . . . . Hyperelastic Models

a more precise analysis, experimental tests were conducted to validate the numerical results. In this
. . . . . . . . . Incompressible Materials

study, three sealing discs with different thicknesses were tested in four steel pipes with varying wall

thicknesses. The numerical results indicate that using an inappropriate range of stress-strain data from  Pipeline Pigging

uniaxial tensile tests can lead to a discrepancy of up to 25%, which is considerable.

1- Introduction

Pipeline pigging is regarded as one of the safest and most
effective methods for cleaning pipelines. Polyurethane sealing
discs, which serve as the primary sealing elements, play a
critical role in this process [1, 2]. Therefore, understanding
their behavior and the load required to move them through
pipelines is essential. Developing a numerical model capable
of predicting the force needed to pull the sealing elements of
pigs through the pipe is necessary.

The sealing elements are generally made of elastomers,
most commonly polyurethane, which exhibit hyperelastic
behavior. These materials can undergo large strains and
demonstrate nonlinear stress—strain responses. Their
behavior is typically described using strain energy functions,
which facilitate the calculation of stress—strain relationships
under large deformations [3]. To investigate the hyperelastic
behavior of sealing elements, Soorgee [4] developed a
numerical model for simulating the movement of spherical
pigs through pipelines, where polyurethane was modeled as
a hyperelastic material. Similarly, [5] examined the behavior
of polyurethane sealing discs driven through steel pipelines
using two common pigging methods, both experimentally and
numerically. In that study, the numerical model incorporated
a hybrid formulation, a hyperelastic material model, and a
friction coefficient based on contact pressure.
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The present paper extends this previous research by
focusing on the influence of stress—strain data on the
determination of an appropriate hyperelastic model.

2- Methodology

In this study, the pigging problem was first investigated
experimentally, followed by the development of a numerical
model to simulate the behavior of the sealing discs during the
pigging process. The experimental results were then used to
validate the numerical model.

In the experimental program, three sealing discs with
different thicknesses and a hardness of 85 Shore-A were
pulled through a setup consisting of four 6-inch steel pipes
with varying wall thicknesses. As the inner diameter of the

pipes decreases, the oversize ratio—one of the key design
parameters of sealing discs—increases. Consequently, the
discs experienced larger strains, which required greater
pulling forces. The results also showed that increasing disc
thickness led to higher bending stiffness, thereby further
increasing the required pulling force.

Following the experimental study, a two-dimensional
axisymmetric numerical model was developed under static
loading conditions. Further details of the numerical model
are provided in [5]. To represent the polyurethane material,
selecting an appropriate hyperelastic model was essential.
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Hyperelastic models are formulated based on strain energy
functions expressed in terms of strain invariants and material
coefficients. The coefficients were determined using uniaxial
tensile test data. Although these elastomers are capable of
undergoing large strains, the sealing discs in this study were
subjected to a maximum strain of approximately 0.5. This
paper investigates whether the chosen range of engineering
strain from uniaxial tensile tests effectively captures the
material behavior for hyperelastic modeling.

3- Results and Discussion

After conducting simulations with various hyperelastic
models, as reported in [6], it was found that omitting the
second invariant (I,) when using uniaxial tensile test data to
determine material coefficients may improve the accuracy
of the model. Therefore, a reduced polynomial hyperelastic
model was selected for the numerical simulations.

The reduced polynomial hyperelastic model can be
defined with different orders. As illustrated in Figure 1,
increasing the order of the hyperelastic model improved the
prediction of uniaxial tensile test data. the Neo-Hookean and
Yeoh models correspond to the first- and third-order forms
of the reduced polynomial model, respectively. However, the
results also showed that using orders higher than six led to
overfitting. Accordingly, the sixth order reduced polynomial
hyperelastic model was chosen in this study.

After selecting the appropriate hyperelastic model, it is
crucial to determine the optimal range of uniaxial tensile
test data for identifying the material coefficients. Figure
2 presents the uniaxial tensile test data together with five
sixth order reduced polynomial hyperelastic models, each
calculated using three different ranges of stress—strain data.
As shown in the figure, using the range of 0—1 for the stress—
strain data resulted in the most accurate prediction of the
hyperelastic model within the strain range of 0-0.5, which
corresponds to the deformation experienced by the sealing
disc in the defined pigging problem.

Based on the selected hyperelastic model, simulations were
performed using the different sets of calculated coefficients.
The required force to pull each sealing disc through the
pipeline was then extracted from the numerical model. The
results demonstrated that employing an inappropriate range
of uniaxial tensile data for coefficient determination can lead
to deviations of up to 25% in the predicted force, which is
significant for the defined problem.

4- Conclusion

In this project, the behavior of a sealing disc passing
through a steel pipe was investigated both experimentally and
numerically. One of the main challenges in this simulation
is defining an appropriate hyperelastic material model to
represent the behavior of the polyurethane sealing disc. To
determine the coefficients of the hyperelastic model, uniaxial
tensile test data are required. Since elastomers such as
polyurethane exhibit large strains (up to 11 in the uniaxial
tensile test for the material used), selecting the appropriate
range of stress—strain data to describe the hyperelastic model
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Fig. 1. Comparison of the uniaxial tensile test data with
reduced polynomial hyperelastic models of different or-
ders.

in finite element software is essential. In this study, a sixth-
order reduced polynomial hyperelastic model was selected,
as it provided a lower relative error in evaluating the stress—
strain data compared to other reduced polynomial orders
using the same uniaxial test data. Because the maximum
strain in this problem is approximately 0.5, the relative
error was evaluated within this strain range. To assess the
model performance, five different stress—strain ranges were
employed to compute the coefficients of the hyperelastic
model, covering 0—1 to 0-3 with increments of 0.5.

The results showed that using the strain range of 0-1
from the uniaxial tensile test resulted in a relative error of
approximately 5% between the hyperelastic model and the
experimental data. In contrast, extending the range to 03 led
to a relative error of about 55% when evaluated within the
strain range of 0-0.5. Furthermore, numerical simulations
demonstrated that when the coefficients of the sixth order
reduced polynomial hyperelastic model were determined
using the 0-3 strain range instead of 0—1, the discrepancy in
the results increased to as much as 25%, which is significant.
These findings indicate that, in simulations involving
hyperelastic materials, selecting an appropriate strain range
of experimental stress—strain data is essential for accurately
determining the coefficients of the chosen hyperelastic
model. An initial estimation of the strain levels expected
in the application can guide the selection of the required
stress—strain range from the uniaxial tensile test. Employing
a suitable hyperelastic model together with an appropriate
data range from mechanical tests such as the uniaxial tensile
test enables a more accurate prediction of material behavior.
Conversely, including unnecessary stress—strain data beyond
the relevant strain levels can lead to substantial discrepancies
in the numerical results.
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Fig. 2. Prediction of the 6th-order reduced polynomial hyperelastic model using different strain ranges
of the uniaxial tensile test data, compared with the experimental result.
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Fig. 1. Schematic of the experimental test comprising a polyurethane disc and four steel pipes with
varying thicknesses.
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Table 1. Thickness of 6-inch pipes (outer diameter 168.3 mm) used in the experimental test, along
with the oversize ratio.
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Fig. 2. Experimental test setup including the launcher, receiver, and four steel pipes with varying wall
thicknesses, along with the wheel system and load cell used to pull the sealing disc and measure the
required force.
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Fig. 3. Required force for pulling the polyurethane sealing disc with nominal thicknesses of a) § mm, b) 10
mm, and c¢) 12 mm through the experimental setup.
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Table 3. Results of the required force for pulling three polyurethane sealing discs of different thicknesses
through four 6-inch steel pipes with varying wall thicknesses.
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Fig. 4. Meshed model of the problem in Abaqus.
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4. Meshed model
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3. Penalty formulation
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3. Reduced polynomial
4. Strain invariants
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Table 4. Coefficients of determination of the uniaxial tensile test data for the reduced polynomial hyperelas-
tic model of orders 1 to 8.
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Fig. 5. Comparison of the uniaxial tensile test data with reduced polynomial hyperelastic models of differ-
ent orders.
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Fig. 6. Prediction of the 6th-order reduced polynomial hyperelastic model using different strain ranges of
the uniaxial tensile test data, compared with the experimental result.
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Fig. 7. Relative error of the prediction of the 6th-order reduced polynomial hyperelastic model using
different ranges of the stress-strain data, compared with the experimental tensile results within the
strain range of the pigging problem.
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Table 5. Coefficients of the selected 6th-order reduced polynomial hyperelastic model using a strain range of
0-1 to simulate the problem
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Fig. 8. Contour of the maximum in-plane principal strain of the polyurethane sealing disc in contact
with the steel pipe.
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Fig. 9. Numerical results of the required force for pulling the polyurethane sealing discs with thick-

nesses of a) 8 mm, b) 10 mm, and c) 12 mm through the pipes using the 6th-order reduced polynomial
hyperelastic model fitted with five different ranges of the stress-strain data.
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Fig. 10. Normalized numerical results of the required force for pulling the polyurethane sealing discs
with thicknesses of a) 8 mm, b) 10 mm, and c¢) 12 mm through the pipes using the 6th-order reduced
polynomial hyperelastic model fitted with five different ranges of the stress-strain data.
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