Extraction of Johnson—Cook model constants for API-
5L steel and their evaluation in finite element modeling

MohammadReza Heidari, Armin Ahmadian, Sajad Rasaee”
Mechanical Engineering Department, Kermanshah University of Technology, Kermanshah, Iran

ABSTRACT
APRI-5L steel pipelines are vital components in the oil and gas industries, subjected to complex mechanical

and environmental loadings, and predicting the mechanical behavior and failure mechanisms of these steels
requires advancedimodels..In this research, the Johnson-Cook model, as one of the most widely used elastoplastic
and failure models, has been calibrated and evaluated for API-5L steel. To extract experimental data, uniaxial
tensile tests weresperformed on¢standard and notched specimens with various radii. The results revealed true
stress-strain, elastic-plastic behavier of the material, and fracture strain under different levels of stress
triaxiality. The results showed that increasing stress triaxiality causes an exponential decrease in fracture strain,
and strain concentration and damage in specimens with smaller notches begin near the notch root. For model
validation, three-dimensional‘finite elementSimulations were conducted. Comparison of results showed that the
Johnson-Cook model is capablerof accurately reproducing the force-displacement curve and predicting the
maximum load with an error of 1 to 3 percent, although a larger discrepancy was observed in predicting fracture
displacement, which is due to the inherent limitations of the model in specific geometric conditions. This study
demonstrates that precise calibration of the Johnson-Cook model based on experimental data provides an

efficient tool for simulating and predicting failure in AP1-5L tubular steels and can be used in design analyses

and safety assessments of energy transmission lines:
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[Introduction

Steel pipelines, especially API-5L, are key components
of energy transmission infrastructure in the oil, gas and
petrochemical industries. Failure or damage to these
components can have irreparable consequences in
economic, environmental, and safety dimensions.
Nonlinear material behavior, triaxial stress effects, strain
rate and temperature, geometric complexities, and the
presence of local defects make simple linear or empirical
models inadequate in predicting failure. As a result, the
use of advanced damage and fracture mechanics models
becomes necessary. The Johnson-Cook model has
become one of the most widely used tools in simulating
the elastoplastic behavior and fracture of metals due to its
relative simplicity and ability to simultaneously consider
the effects of strain, strain rate, and temperature. This
model consists of two parts: the flow part, which
describes the elastoplastic behavior of the material, and
the fracture part, which models the initiation and
propagation of damage based on plastic strain and triaxial
stress [1].

The.theoretical foundations of many ductile fracture
models can be found in the classic works of Dieter et al.
[2] and Lemaitre'[3] inthe field of continuum mechanics.
Criteria for<the growth of pores were introduced by
McClintock [4] and Rice_and Tracy [5], and later
Hancock and Mackenzie 6] highlighted the importance
of triaxial stresswin<the initiation of failure of high-
strength steels. Bao [7] and Bao and Wierzbicki [8, 9]
presented more advanced models that take into account
the negative effects of triaxial stress and its limitations in
predicting cracks.

Despite significant advances in the development and
application of failure models, research onAPI-5L steel is
still limited and, in many cases, simultaneous calibration
of the flow and failure components of the Johnson-Cook
model has not been comprehensively performed. The
combined effects of triaxial stress, strain rate,~and
geometric modifications have also received lessattention
in this steel. Therefore, the present study aims to fill this
gap by accurately calibrating the Johnson-Cook model
for API-5L steel based on experimental data and



evaluating its predictive accuracy in finite element
simulation.

IResearch Method

In this.study, test specimens were prepared based on the
ASTM EB8/ESM from API-5L steel pipe with a nominal
thickness of 6 mm and an outer diameter of 90 mm using
the waterjet.cutting method. To evaluate the effect of
geometry and strain concentration, tests were performed
on specimens with circular grooves with radii of 2, 4, 6,
and 12mm; the data.obtained from these specimens were
used to calibrate.the flowisection and failure criterion of
the Johnson<Cook', model,. and it was possible to
investigate the,effects of«groove radius on triaxial stress
distribution. The results,obtained from the tensile test of
the grooved samples are“shownuin Figl. Also, by
measuring the fracture cross-section’of.the samples using
an optical microscope, the fracture parameters were
measured.
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Figure 1: (a) True and engineering stress—strain data for
the standard specimen, (b) force—displacement response of
notched specimens with different notch radii: (a) R = 2;(b)

R=4,(c)R=6,(d)R=12.

The Johnson-Cook model is based on the von Mises
plasticity criterion and is defined as equation (1) and,
describes the effect of strain hardening, the dependence
of yield stress on strain rate, and thermal softening
simultaneously.
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The onset of damage in soft materials is controlled by
the accumulation of plastic strain. The damage parameter

(D) is defined as:
Ag dg| (2)
D = _—= 7{17
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By determining the instantaneous value of the
damage parameter and comparing it with the critical
value of the material, the time and location of crack
initiation as well as the final location of failure can be
predicted.

According to the Johnson-Cook failure model, ¢, the

failure strain is a function of the 7 triaxial stress ratio,

strain rate, and temperature and is calculated from
equation (3):
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By calibrating the parameters of the Johnson-Cook
flow and failure model through experimental, the plastic

behavior and failure mechanisms can be simulated and
predicted under complex loading conditions.

In this study, tensile tests were performed at the
quasi-static state and at room temperature and the
equations will be simpler. Finally, the calibrated
parameters of the stress flow model and the Johnson-
Cook damage model are presented in Table 2.

Table 2: Measured mechanical properties.

n B (MPa) A (MPa)
0.7003 1087.67 270.24
D 3 D 2 Dl
5.322 13.1951 0.3403

The process is also modeled in the Abaqus finite
element software using reduced cubic eight-node 3D
elements (C3D8R). The Johnson-Cook damage model
has a dedicated implementation in Abaqus. In meshing,
the ratio of the maximum size of the largest element to
the smallest element in the entire model was set to less
than 5:1, and fine cubic elements with a longitudinal size
0.5mm were used in the areas adjacent to the grooves to
increase the accuracy of the analysis.

IResults and Discussion

The results indicate that specimens with a larger groove
radius exhibit better agreement between the numerical
results and the analytical relations (Bridgeman formula
modified by Bai [10]). This improved agreement arises
because their mechanical response is closer to the plane
strain condition, for which the employed analytical
relations were originally derived.

Experimental observations show that failure in
axisymmetric tensile specimens generally initiates in the
central region, where stress triaxiality is highest, leading
to microvoid nucleation, growth, and the formation of a
central crack perpendicular to the specimen axis. For
specimens with<a larger groove radius, damage and
accumulated-plasticstrain are mainly concentrated in the
midsection, whereas in specimens with a smaller groove
radius, plastic strain initially localizes near the groove
roots. However, as shown in“Fig. 2, despite this early
strain localization, final fracture 'still initiates in the
central region.

This behavior results_from the combined effect of
high stress triaxiality in the center, which governs
damage initiation, and accumulated plastic strain at the
groove roots, which promotes local damage but does not
control the final fracture location. Since'material damage
depends on accumulated plastic strain and is intensified
by stress triaxiality, the final failure location reflects the
interaction between these two mechanisms«/Numerical
results indicate that for larger groove radii, .damage
remains centered throughout loading, while for smaller
radii, damage initially concentrates at the groove roots
but progressively shifts to the center, where fracture
ultimately occurs. Consequently, for groove radii smaller



than 2mm, failure are expected to be governed primarily
by the groove root region.

B S (a)
Y @ , g (b)

Figure 2: Distribution of strain and stress triaxiality across
the cross=section at fracture initiation: (a) plastic strain for
, (b) stress triaxiality for , (c) plastic strain for , (d) stress
triaxiality for .

Fig..3 shows the force-displacement data obtained
from tests alongside the numerical response obtained
from the Johnson-Cook damage criterion as well as the
optimized specimens..As can be seen, the calibrated
Johnson-Cook maodel, “although .able to predict the
material behavior well, provides a conservative estimate
of the material ductility due to itsdnternal assumptions.

The difference between the numerical and
experimental results is shown in Fig..4. According to the
results, the force error for all samples is in the range of 1
to 3%, indicating a high accuracy of thesmaodel in
predicting the maximum load. However, the difference in
displacement at the moment of failureds more dependent
on the sample geometry. In particular, inithe sample with
a groove radius of 2mm, the highest error was observed
(about 18%). This error decreased in samples with larger.
groove radius and reached about 12, 9, and 4% for 4mm,

6mm and 12mm, respectively.
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Figure 3: Comparison of force—displacement curves
obtained from experiments and numerical simulations.
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Figure 4: Response error for notched specimens simulated

with Johnson-Cook fracture parameters: (a) force
response error, (b) displacement response error.
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|Conc|usion
In this study, a series of grooved flat specimens of API-
5L steel were designed and fabricated to determine the
failure parameters based on the Johnson-Cook model. In

addition to validating the experimental data, numerical
simulations provided a deeper understanding of the
failure mechanisms and damage evolution at different
loading stages. The results clearly showed that the
formation of holes in the early stages of damage and the
concentration of stress in the groove root region are
consistent with experimental observations. The data
analysis showed that the use of the Bridgman equation to
calculate the triaxial stress provides a conservative
estimate of the material ductility. The prediction error of
fracture displacement in samples with different groove
radii varied between 3 and 18%, which was in line with
the experimental and numerical results. Overall, the
present study provides an example of the application of
damage models in finite element simulation that can be
used as a basis for future studies on API-5L steel as well
as other alloys.
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Figure 1: (a) Tensile test specimen in tubular form and the location from which longitudinal tensile specimens
are extracted from a pipe, (b) configuration of the extensometer mounted on the specimen, (c) flat specimens
with different notch geometries.
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Figure 2: (a) True and engineering stress—strain data for the standard specimen, (b) force-displacement
response of notched specimens with different notch/radii: () R=2, (b) R=4,(c) R=6, (d) R=12. (c) True
stress-strain data of notched specimens with.different notch radii: (@) R=2,(b) R=4, (c) R=6, (d) R = 12.
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Table 1: Measured values from fractured specimens in'the experiment.
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Figured: Logarithmic representation of the Johnson—-Cook flow stress model.
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Table 2: Measured mechanical properties of the test specimen.
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Figure 4: Variation of fracture strain with respect to stress triaxiality.
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Table 3: Johnson—Cook fracture model parameters.
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Figure 5: Mesh generation:for notched specimens with notch radii of 2, 4, 6, and 12 mm.
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Figure 6: verification of the mesh convergence for Standard specimen
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Figure 7 : Comparison of initialstress triaxiality obtained from analytical solutions and numerical
simulations.
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Figure 8: Stress distribution at the cross-section at the onset of fracture for specimens: (a) R=12mm, (b)
R=2mm.
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Figure 9: Distribution of strain and stress triaxiality across the cross-section at fracture initiation: (a) plastic
strain for R =12mm, (b) stress triaxiality for R=12mm, (c) plastic strain for R =2mm, (d) stress triaxiality for
R =2mm".
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Figure 10: Damage progression at the specimen center and notch root: (a) R =2mm, (b) R =12mm.
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Figure 11: Morphology of fracture surface of sample with-groove radius at different magnifications
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Figure 12: Comparison of force-displacement curves obtained from experiments and numerical simulations.
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Figure 13: Response error for notched specimens simulated with Johnson—-Cookfracture parameters: (a)

force response error, (b) displacement response.error.
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