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The effect of negative stress triaxiality and lode angle on ductile fracture of ST-37
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ABSTRACT: In this article, the effect of negative stress triaxiality on the fracture strain has been
studied. First, the geometric model was obtained for samples with three negative stress triaxialities. To
obtain negative stress triaxialities in the uniaxial compression test, the geometry of samples was designed
somehow that prevent multiaxial tests. Samples were manufactured from ST-37 steel. Then tensile and
compression tests were performed on them in order to obtain the fracture strain. Tensile and compression
tests were simulated by Abaqus software. The digital image correlation method was used to obtain the
strain values and validate the simulation results. The shape and damage mode of different samples were
compared after the test and simulation in which the mode of fracture was the same in both methods. The
strain contours of the finite element method and digital image correlation were compared and it was
observed that the strain values of both methods match each other. The fracture strains were depicted in
terms of stress triaxialities, the normalized Lode angle, and the third invariant. In both experimental and
numerical methods, by decreasing the amount of negative stress triaxiality, the amount of fracture strain
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first decreases and then increases.
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1- Introduction

Ductile fracture is a critical fracture mode in steel
components, and its precise assessment is of practical
importance for the safe design of structures. This fracture
mechanism has been investigated through various approaches,
including micromechanical analyses, experimental studies,
and numerical simulations. Each of these methods contributes
to the advancement of others and enhances the understanding
of ductile fracture [1]. The energy-based uncoupled model
was first introduced by Freudenthal [2], who proposed that
ductile fracture occurs when the plastic work per unit volume
of material exceeds a certain threshold. Consequently, it was
concluded that ductile fracture always initiates in regions
subjected to the maximum principal stress. Building on this
phenomenon, Cockcroft and Latham [3] proposed a fracture
model in which the maximum principal stress governs
fracture initiation. Subsequently, Oh et al. [4] normalized the
maximum principal stress using the equivalent stress in the
Cockcroft-Latham model. Their findings demonstrated that
the modified model could predict ductile fracture in extrusion
and tensile forming processes. Ganjiani [5] introduced a
fracture model within the framework of continuum damage
mechanics. This model employs the von Mises plastic yield
surface along with a damage yield surface, which depends on
stress triaxiality and the Lode angle parameter. The predicted
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results include stress states for plane stress conditions. The
model successfully predicts fracture strain over a wide range
of stress triaxialities, from 0 to -1.3. The fracture strain
dependent on the Lode angle in the proposed model has been
compared with the experimental data of Bao and Wierzbicki
[6], demonstrating the model’s capability to predict fracture
strain.

In this study, the fracture strain of geometries subjected to
negative stress triaxiality was determined both numerically
and experimentally and subsequently compared. Due to the
challenges associated with performing multiaxial testing, the
specimen geometries were specifically designed to induce
multiaxial stress states under tensile and compressive loading.
Various curvature radii were employed to achieve negative
stress triaxiality without the need for complex multiaxial tests.
To obtain fracture strain, tensile and compressive tests were
conducted on the specimens. Digital Image Correlation (DIC)
was utilized to ensure accurate strain measurement during the
experiments. Additionally, finite element simulations of the
specimens were performed to further analyze the fracture
behavior.

2- Methodology
To investigate the effect of negative stress triaxiality
on fracture strain, several specimen types with different
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Table 1. Values of the stress triaxiality, the normalized
Lode angle, and their corresponding fracture strain

Stress triaxiality Normalized Fracture strain
Lode angle
-0.456 -0.70 0.24
-0.381 -0.75 0.20
-0.348 -0.93 0.24
0.333 1 0.46
0.348 0.92 0.35

geometries were designed to achieve negative stress
triaxiality. The presence of curvature and notches altered the
stress state from uniaxial to multiaxial. The tensile test for the
standard dog-bone specimen was conducted in accordance
with DIN 50125. Since the geometries of specimens M1, M2,
and M3 were specifically designed to examine the effect of
different stress triaxialities under uniaxial testing and have
not been previously studied, no standarde testing protocol
exists for these specimens. For each specimen type, the
test was repeated three times, and the average values were
reported. Numerical analyses were conducted using the finite

TRIAX
(Avg: 75%)

element software Abaqus to evaluate different geometries
under negative stress triaxiality. To capture ductile damage
in the simulations, the ductile damage model available in the
Abaqus was implemented.

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 finite element
method (FEM) was used to determine the stress triaxiality in
different geometries. In this approach, the elastic and plastic
properties of the samples were first assigned according to the
numerical simulation section, and the loading process was
carried out. Subsequently, the stress triaxiality was measured
using the field output section of the software. The variations
in stress triaxiality were calculated at different displacements,
and the value at the point where it stabilized was considered
the stress triaxiality of the samples. Table 1 presents the stress
triaxiality results obtained for the different samples. The
values obtained for M1, M2, and M3 samples are displayed
in Figure 1.

In tensile tests, the reduction in cross-sectional area
indicates ductile failure. Similar to tensile testing, in
compression tests, the most significant deformation occurs in

TRIAX
(Avg: 75%)

Fig. 1. The stress triaxiality contours for different a) the stress triaxiality contour for M1 under tension,
¢) the stress triaxiality contour for M1 under compression, e) the stress triaxiality contour for M2, and
g) the stress triaxiality contour for M3
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the central region, particularly in areas with curvature. Based
on the damage contours of the samples, damage initiation
occurs in the curved region, where deformation is more
pronounced compared to other areas. The variation in fracture
strain with decreasing stress triaxiality and normalized Lode
angle can be attributed to the type of damage mechanism
occurring under different stress triaxiality conditions. For
example, when transitioning from the dog-bone to M1 in
tension and increasing the stress triaxiality, micro-voids
tend to grow more rapidly, leading to a reduction in fracture
strain [7]. The presence of curvature alters the stress state,
meaning that each sample exhibits a unique stress condition
corresponding to its geometry. Since ductile fracture is
dependent on stress triaxiality, fracture occurs at the location
where stress triaxiality reaches its maximum. This explains
why, in the damage patterns obtained from both experiments
and simulations, the fracture location is observed at the
center of the sample. The designed sample geometries
were developed to induce different stress states using a
flat specimen subjected to uniaxial loading. This approach
eliminates the need for specialized equipment or complex
multi-axial test setups. By utilizing these geometries, ductile
failure can be examined across a wide range of low to
moderate-stress triaxialities and strain states. Notably, this
novel experimental technique may also serve as a validation
method for mechanism-based ductile fracture models.

4- Conclusion

In this study, experimental tests were conducted on
various specimens under both positive and negative stress
triaxiality to investigate fracture behavior under different
triaxial stress states. The specimens were rectangular steel
components made of ST-37, featuring a central rectangular
cavity with curved edges. Under uniaxial loading, the
presence of curvature induced a multiaxial stress state within
the specimen, eliminating the need for complex multiaxial
testing. This approach allowed for the examination of a
wide range of stress triaxialities using specially designed
geometries. The deformation patterns of the specimens under
loading were found to be consistent between experimental
testing and numerical simulations. Additionally, DIC was

employed to achieve more accurate strain measurements and
validate the simulation results. A comparison between the
strain contours obtained from DIC and numerical simulations
showed strong agreement. Analysis of the damage contour
derived from the simulations indicated that damage
initiation occurred in the curved region. Furthermore, the
experimentally measured fracture strain was higher than
the simulated values, likely due to manufacturing defects
and testing errors. The experimentally and numerically
obtained fracture strain values were plotted as a function of
stress triaxiality. The fracture behavior of ST-37 steel under
negative stress triaxiality, in terms of the normalized Lode
angle and the third stress invariant, was consistent across both
experimental and numerical methods, exhibiting an initial
decrease in fracture strain followed by an increase.
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Table 1. The material parameters for ST-37 steel used in the simulations
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Fig. 3. Mechanical test a) the preparation of a dog-bone specimen for the Digital Image Correlation
(DIC) method and b) the use of a tensile testing machine along with a camera setup for strain meas-
urement via DIC
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Fig. 4. a) the force-displacement curve and b) the stress-strain curve used in the simulations
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Fig. 5. The finite element models of the specimens a) dog-bone, b) the M1, c¢) the M2, and d) the M3 specimen
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Table 2. The stress triaxiality values obtained for different samples
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Fig. 6. The dog-bone, a) the post-tensile test condition, b) the damage parameter, c) the strain contour obtained
from DIC, and d) the strain in the y-direction
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Fig. 7. Comparison between the experimental and FEM results for the dog-bone, a) the load-displacement
curve and b) the stress-strain curve
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Fig. 8. M1 specimen, a) the post-tensile test condition, b) the damage parameter, c) the strain in the y-direction,
d) the strain contour obtained from DIC, and e) a magnified image of the simulated strain contour
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Fig. 9. The tensile load-displacement curve for M1
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Fig. 10. M1 specimen, a) the post-compression test condition, b) the damage parameter, c) the strain in the y-
direction, d) the strain contour obtained from DIC, and e) a magnified image of the simulated strain contour
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Fig. 11. The compression load-displacement curve for M1
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Fig. 12. M2 specimen, a) the post-compression test condition, b) the damage parameter, c) the strain in the y-
direction, d) the strain contour obtained from DIC, and e) a magnified image of the simulated strain contour
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Fig. 13. The compression load-displacement curve for M2
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Fig. 14. M3 specimen, a) the post-compression test condition, b) the damage parameter, c) the strain in the y-
direction, d) the strain contour obtained from DIC, and e) a magnified image of the simulated strain contour
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Fig. 15. The compression load-displacement curve for M3
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Fig. 16. The fracture behavior of samples under different stress triaxialities
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Table 3. Values of the stress triaxiality, the normalized Lode angle, and their corresponding fracture strain
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Fig. 17. The fracture strain at failure as a function of a) negative stress triaxiality, b) normalized Lode
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Fig. 18. The stress triaxiality and normalized Lode angle contours a) the stress triaxiality contour for M1

under tension, b) normalized Lode angle for M1 under tension, c) the stress triaxiality contour for M1

under compression, d) normalized Lode angle for M1 under compression, e) the stress triaxiality contour

for M2, f) normalized Lode angle for M2, g) the stress triaxiality contour for M3, and h) normalized Lode
angle for M3
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