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ABSTRACT

The effects of stress triaxiality and the Lode angle parameter on the ductile fracture behavior in ST-37 steel
are studied in this research. To examine negative stress triaxiality conditions, uniaxial tensile and compressive
tests were performed on specimens with specific geometries, including dog-bone specimens and rectangular
specimens containing curved _elliptical holes. Negative stress triaxiality values in the range of —0.348 to —0.456
were generated. A combined experimental-numerical approach was employed to analyze the fracture behavior.
In the numerical part, the Ganjianiyfracture model was implemented within a finite element framework using
Abagus software through the"VUHARDand \VUSDFLD user subroutines, considering the relevant damage
parameters. A comparative analysis of the experimental and numerical results showed good agreement in
predicting fracture strain. The numerical evaluation indicated that fracture occurs in regions where plastic strain
is highly localized. The results confirm that stress triaxiality has a significant influence on ductile fracture, and

was also observed that the variation of fracturesstrain under positive and negative stress triaxiality exhibits

similar trends.
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1. Introduction

ST-37 steel is one of the most widely used structural
steels in  engineering applications.  Extensive
experimental studies have demonstrated that the
influence of the stress state on ductile fracture
mechanisms varies among different materials. Bridgman
investigated the deformation and fracture behavior of
cylindrical specimens made from twenty types of mild
steel under hydrostatic pressures ranging from 0 to 2700
MPa [1]. Bao and Wierzbicki re-examined Bridgman's
findings by conducting compression tests on short
cylindrical specimens with different aspect ratios. Their
results showed that the fracture location is independent
of the material type [2]. Kubik et al. proposed new
specimen geometries for uniaxial compression testing.
Their cylindrical specimens incorporating spherical
indentations enabled the generation of negative stress
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triaxiality yvalues as'low as —0.473 in aluminum alloys
[3]. Luetal. presented the results of uniaxial compression
and plane-strain tests using two different specimen
geometries to investigate the influence of the Lode
parameter on the stress triaxiality threshold [4]. Mansouri
and Ganjiani investigated the influence of negative stress
triaxiality on fracture strain‘and.ductile fracture behavior
in ST-37 steel [5].

In the present study, uniaxial tensile and’compression
tests were performed on ST-37 steel under a wide range
of stress triaxiality conditions. Different™specimen
geometries, including standard dog-bone/specimens and
rectangular specimens containing elliptical holes, were
designed to produce various levels of stress triaxiality.
The experiments were simulated with finite" element
method (FEM), and the Ganjiani fracture model was
implemented for the numerical analyses. The material




failure behavior was incorporated through the VUHARD
and VUSDFLD subroutines. Fracture strain under
different combinations of stress triaxiality and Lode
angle was determined experimentally and numerically,
providing a comprehensive assessment of the ductile
fracture behavior of ST-37 steel.

2. Methodology

To investigate the influence of negative stress triaxiality
on fracture strain, four specimen geometries were
designed to generate different levels of stress triaxiality
under conventional uniaxial loading conditions. The
introduction® of elliptical#holes and curved sections
modified the local stress'state from uniaxial to multiaxial,
enabling the generation,of negative stress triaxiality.
Tensile tests on the standard dog-bone specimen were
performed in accordance with the"DIN,50125 standard.
The M1, M2, and M3 specimens were specifically
designed to produce different negative stress triaxiality
levels during uniaxial tensile and cempression tests,
eliminating the need for more complex biaxial ‘loading
configurations. The Ganjiani fracture® model' was
developed to predict fracture strain and to describe the
stress—strain response of ductile materials.up to the onset
of fracture. A coupled damage model was employed to
account for the interaction between plastic deformation
and damage evolution, providing a more realistic
prediction of the material response up to failure. The
model was implemented within the finite element
framework and validated through comparison with
experimental results. The implementation in Abaqus was
carried out using the VUHARD and VUSDFLD user
subroutines.

3. Discussion and Results

Since the stress in the dog-bone sample remains uniaxial
under tensile testing, the stress triaxiality value, is 0.33.
The presence of curvature in the other samples alters the
stress state from uniaxial to multiaxial. As a result, the
FEM was used to determine the stress triaxiality in
different geometries. The numerical model parameters
employed in this study were calibrated using the
experimentally obtained stress—strain data. The
parameters were optimized to achieve the best agreement
between the numerical predictions and the experimental
observations. Incorporating the coupled damage
formulation into the constitutive model enabled the
simulation of the material softening behavior observed in
the stress—strain response. The results indicate that the
maximum strain is concentrated at the damage initiation
site, confirming that fracture initiates in regions of peak
strain concentration. Furthermore, the regions with the
highest damage variable coincide with those exhibiting
the largest equivalent plastic strain, demonstrating the
consistency of the damage model with the underlying

deformation mechanisms. Modifying the specimen
geometry shifted the damage localization from the center
of the standard dog-bone specimen to the vicinity of the
elliptical holes, confirming the effectiveness of the
proposed geometries in altering the stress path and
generating different stress states. For the standard dog-
bone specimen, fracture initiated at the center of the
gauge section and subsequently propagated across the
specimen width, a behavior that was accurately
reproduced by the numerical simulations. In the M2 and
M3 specimens, damage initiation occurred primarily
around the curved regions, where stress concentration
reached its maximum. Due to stress concentration in
these regions, fracture was more likely to initiate there
and subsequently propagate toward the outer edges of the
specimens. Comparison of the numerical predictions
with the experimentally observed fracture patterns
demonstrates that the Ganjiani model not only predicts
the fracture strain with high accuracy but also
successfully captures both the fracture initiation site and
the subsequent crack propagation path. The excellent
agreement between the predicted damage localization
and the actual fracture locations validates the capability
of the proposed model to reproduce ductile fracture
behavior under different stress paths. The Figure 1 results
indicate that fracture strain does not vary monotonically
with stress triaxiality. Under negative stress triaxiality,
fracture is predominantly governed by shear
deformation, whereas increasing stress triaxiality toward
the tensile regime shifts the dominant fracture
mechanism to void growth and coalescence.
Consequently, within the transition region, fracture strain
is simultaneously influenced by both shear-controlled
andvoid-cantrolled mechanisms, resulting in a nonlinear
responsé. This ftransition in the dominant fracture
mechanism /explains why fracture strain does not
necessarily/ decrease<with increasing absolute stress
triaxiality.
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Figure 1. Fracture strain with respect tondifferent stress
parameters, comparing experimental results and Ganjiani
model predictions: (a) stress triaxiality, (b) normalized
Lode angle parameter

4. Conclusion

This study employed a combined experimental and
numerical approach to investigate the effects of stress
triaxiality and the Lode angle parameter on the ductile
fracture behavior of ST-37 steel. Different specimen
geometries were designed to enable the evaluation of
negative stress triaxiality using conventional uniaxial
tensile and compression tests, thereby eliminating the
need for biaxial testing. Four specimen configurations
were considered, including one standard dog-bone
specimen and three rectangular specimens containing
elliptical holes. The proposed specimen geometries
covered a negative stress triaxiality range from —0.348 to
—0.456. Uniaxial tensile and compression experiments
were conducted, and the results were compared with
finite element simulations. The Ganjiani fracture model
was implemented in Abaqus through the VUHARD and
VUSDFLD user subroutines to simulate the fracture
behavior. A comparison between the experimental and
simulated force—displacement curves demonstrated
excellent agreement in predicting both the fracture strain
and the maximum load. The damage contours obtained
from the numerical simulations revealed that the highest
damage values were concentrated in the regions adjacent
to the curved sections of the specimens. Similarly, the
strain contour distributions indicated that the maximum
strain was localized in the same regions. The results

showed that the fracture strain decreases with increasing
positive stress triaxiality. Under negative stress
triaxiality, the fracture strain initially decreases as the
stress triaxiality approaches zero, but increases again
with further reductions in stress triaxiality. Furthermore,
the variation of fracture strain with respect to the
normalized Lode angle parameter and the third stress
invariant exhibited a consistent trend, with fracture strain
increasing for both positive and negative values of the
normalized Lode angle parameter and the third invariant.
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Fig. 2. The geometric models of the specimens a) a dog-bone specimen, b) an M1'specimen, c)an M2
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Fig. 3. The mesh used for different specimens: (a) dog-bone, (b) M1, (c) M2, (d) M3
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Table 1. Parameters of the Ganjiani model employed for ductile fracture prediction.
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Fig. 6. Load-displacement curves for various specimens from experimental tests and Ganjiani model
predictions: (a) dog-bone, (b) M1_T, (c) M1_C, (d) M2, (e) M3
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Fig. 7. Contours of equivalent plastic strain (PEEQ) and damage variable (SDV6) predicted by the Ganjiani
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model at failure onset: (a) dog-bone, (b) M1_T, (c) M1_C, (d) M2, (e) M3
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Fig. 8. Comparison of fracture images from experimental results and simulation predictions for various specimens:
(a) dog-bone, (b) M1_T, (c) M1_C, (d) M2, (e) M3
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Fig. 9. Fracture strain with respect to different stress parameterscomparing experimental results and Ganjiani
model predictions: (a) stress triaxiality, (b) normalized Lode angle parametersand (c) third invariant of the stress.
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Calibration and validation of a ductile failure model for
ST-37 steel under various stress states

Mohsen Mansouri?, Mehdi Ganjiani®!

2 Department of Mechanical Engineering, University of Tehran

ABSTRACT
The effects ofstress triaxiality.and the Lode angle parameter on the ductile fracture behavior in ST-37 steel

are studied in this research. Tofexamine negative stress triaxiality conditions, uniaxial tensile and compressive
tests were performed on_specimens_with specific geometries, including dog-bone specimens and rectangular
specimens containing curved elliptical holes. Negative stress triaxiality values in the range of —0.348 to —0.456
were generated. A combined experimental=numerical approach was employed to analyze the fracture behavior.
In the numerical part, the Ganjiani fracture model was implemented within a finite element framework using
Abaqus software through the VUHARD and/VUSDFLD user subroutines, considering the relevant damage
parameters. A comparative analysis of the experimental and numerical results showed good agreement in
predicting fracture strain. The numerical evaluationindicated that fracture occurs in regions where plastic strain
is highly localized. The results confirm that stress triaxiality has a significant influence on ductile fracture, and
was also observed that the variation of fracture/strain under positive and negative stress triaxiality exhibits

similar trends.
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Fracture strain, Negative stress triaxiality, Lode angle parameter, ductile fracture behavior, ST-37
steel
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