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ABSTRACT

This study presentsia_novel method that combines the state-based peridynamic approach with the material
point method to analyze the elastoplastic behavior of metals under significant deformations and to simulate crack
initiation and propagation in‘a two-dimensional framework. The proposed approach computes large elastoplastic
deformations within the material point region, while the peridynamic region is automatically established around
areas with high damage potential, relocatingefficiently as the crack tip advances. Initially, the material domain
is discretized using material point particles. A new adaptive algorithm then transforms these particles into
peridynamic particles, enabling efficient and accurate modeling of the damage region based on proximity to the
crack tip. This transformation process is‘reversible, allowing peridynamic particles to revert to material point
particles when appropriate. A key feature of this method is the controlled size of the peridynamic region during
crack propagation, combined with the integration of state-based peridynamics and classical mechanics. The
method’s effectiveness is assessed through numerical.examples and compared with experimental data and other
numerical techniques, demonstrating superior performance in terms of computational speed and accuracy. This
innovative approach offers substantial improvements in‘computational efficiency and precision for simulating

the behavior of ductile metals during large deformations and subsequent material failure.
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1. Introduction

Traditional classical mechanics struggle to predict
material behavior under conditions of high stress
concentration or discontinuities like cracks [1]. The
peridynamic method (PD) offers a solution by using an
integral-based approach rather than differential equations
[2]. While state-based peridynamics (SBPD) overcomes
limitations'of bond-based models, its high computational
cost remains a drawback. Alternatively, the material
point imethod (MPM), is computationally efficient for
large deformationsbut struggles with discontinuities [3].
Combining these, methods, this study proposes an
adaptive framework to efficiently and accurately model
damage and crack growth in ductile metals.

2. Methodology

The hybrid SBPD-MPM"™ approach optimizes
computation by adaptively" transitioning between the
state-based peridynamic (SBPD).<and material point
method (MPM) frameworks.Initially, the «material
domain is represented entirely by MPM particles. As
stress conditions evolve, SBPD regionsare dynamically
introduced around areas identified “as having/ high
damage potential. This conversion enables™ precise
modeling of cracks and other damage phenomena.
Conversely, regions no longer critical revert from SBPD
to MPM, significantly reducing computational overhead
while maintaining accuracy. This transition is managed
through an adaptive algorithm that converts MPM
particles to SBPD particles based on local stress and
strain states. The external force acting on a particle is
calculated by summing contributions from various forces
in the system as equation (1).

filext = Zmlepbip + Z NIpTip +Z(Ztlpg<)Nlp (1)
p=1 p=1 p=1 k=1
Where, 77z, is the mass of the particle, Nj, denotes the
shape function values, bi, represents body forces, zip

accounts for traction forces, and tiprf’k refers to

peridynamic contributions from neighboring particles.
This formula ensures a robust coupling between MPM
and SBPD regions, capturing the interaction of forces
accurately across different zones. Crack tip movement
dynamically dictates the expansion and adjustment of
SBPD regions, enabling real-time adaptation to changing
material behavior. Numerical stability is preserved by
confining SBPD calculations to minimal regions
surrounding the crack tip, leveraging MPM for broader
material behavior. This balance ensures computational
efficiency while maintaining the fidelity of simulations.
In figure 1, the formation, expansion, branching, and
movement of the peridynamic region alongside multiple

crack tips are illustrated. Figure 2 presents a flowchart
diagram of the new method proposed in this study.

3. Discussion and Results

The proposed method is evaluated through two
numerical simulations:

Uniaxial Tensile Test: A bone-shaped specimen
undergoes tensile loading until failure. Results include
stress-strain curves, plastic deformation zones, and crack
propagation patterns, demonstrating close alignment with
experimental data [4] and finite element analysis (FEA).
Figure 3 shows the equivalent strain contour, the moment
of peridynamic region formation around the crack
initiation point, and the boundaries of the transition
region in the simple tensile specimen. Adaptive SBPD-
MPM achieves significant computational savings (43%
reduction compared to pure SBPD) without
compromising accuracy. Figure 4 shows the engineering
stress-strain curve obtained from simple tensile testing on
a standard specimen using three different methods:
experimental, finite element analysis (FEA), and the
method proposed in this research. The results from all
three methods match closely up to the start of the necking
phenomenon. After necking begins and up to the point of
fracture, the method proposed in this research follows the
experimental results more accurately.

Central Crack Growth in a Plate: A square plate with
an initial central crack undergoes tensile loading. Crack
propagation paths are accurately tracked using SBPD,
with adaptive resizing of the peridynamic region.
Comparisons with experimental [5] and SBPD-only [6]
results reveal ‘'similar crack trajectories, demonstrating
the method's robustness.

Figure 1The process of formation of the peridynamic
region, the transition region, and their expansion and
movement



Create a material point model for the entire problem .apply physical properties to material points ,and assign

boundal Y. conditions and loads.

[ Calculate mass and momentum for the grid nodes. Interpolate material point properties to the grid nodes. ]4—,

" Update velocities and positions of material points based on the grid nodes and calculate strain, stress, and
shape changes for material points

Check the plasticity condition for each element

Check the damage

condition

of each particle.

v

[ Calculation of forces between peridynamic particles, the transition region, and material points. ]

[The formation of the peridy;mic region and the transition reﬁn‘ as well as determining the family memhers]

Propagation phase

Figure 2 The overall algorithm of the SBPDMPM method:

Figure 3 illustrates the moment of crack formation in the
peridynamic region during the modeling of a uniaxial
tensile test on a specimen using a new hybrid method.

600

0000000 60000009000 0000 ¢
o 022 — 22000
® e

500

400

300

Stress (MPa)
4

— = — — Exprimental [4]

200

. FEM

100

= Current Study

0 &
0 10 20 30 40 50
Strain (%)

Figure 4 Comparison of engineering (nominal) stress-
strain curves between experimental, finite element, and the
new hybrid method

4. Advantages and insights

Efficiency: Limiting the SBPD region to critical
zones reduces computation time and degrees of freedom.

Accuracy: The hybrid approach effectively models
elastoplastic deformations and crack growth.

Adaptability: ~ Dynamic transitioning  between
methods ensures efficient use of computational resources
while maintaining precision.

5. Conclusion

This adaptive SBPD-MPM approach offers a
breakthrough in modeling damage in ductile metals,
combining the accuracy of SBPD with the computational
efficiency of MPM. It provides a scalable framework for
complex  three-dimensional simulations  while
significantly reducing computational overhead, paving
the way for broader adoption in engineering analyses.
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Fig. 2. Details of the expansion and reduction phases of the peridynamic region
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Fig. 4. Flowchart of the algorithm for the expansion and reduction processes of the peridynamic region
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Fig. 5. Overall algorithm of the method proposed in this research
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of crack initiation
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Fig. 13. Geometry of the plate with a central crack in the second problem
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Fig. 14. Modeling results (from left to right) of displacement contour, von Mises stress, and equivalent plastic strain during
crack growth in a uniaxially tensile plate using the present hybrid method under two different boundary displacements
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Fig. 15."Experimental tensile test of a thin steel plate with an initial central crack [v¥f]
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Fig. 16. Comparison of crack propagation distance over time'in a square tensile plate among three cases (pure state-based
peridynamics, the present method without the reduction phase, and the present method with expansion/reduction)
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Fig. 17. Comparison of peridynamic J-integral values around the crack tip versus boundary displacement’in the.square plate
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Table. 1. Computational time in similar methods and comparison with the present method
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An adaptive approach based on the state-based
peridynamic method and the material point method for
numerical modeling of damage in ductile metals
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ABSTRACT
This study presents a novel method that combines the state-based peridynamic approach with the material

point method to analyze the elastoplastic behavior of metals under significant deformations and to simulate crack
initiation and propagation‘in a two-dimensional framework. The proposed approach computes large elastoplastic
deformations within the material point region, while the peridynamic region is automatically established around
areas with high damage potential, relocating efficiently as the crack tip advances. Initially, the material domain is
discretized using material point particles. A hew adaptive algorithm then transforms these particles into
peridynamic particles, enabling efficient and.accurate modeling of the damage region based on proximity to the
crack tip. This transformation process is reversible, allowing peridynamic particles to revert to material point
particles when appropriate. A key feature of thisamethod is the controlled size of the peridynamic region during
crack propagation, combined with the integration’ of state-based peridynamics and classical mechanics. The
method’s effectiveness is assessed through numerical examples and compared with experimental data and other
numerical techniques, demonstrating superior performance.insterms of computational speed and accuracy. This
innovative approach offers substantial improvements in computational efficiency and precision for simulating the

behavior of ductile metals during large deformations and subsequentsmaterial failure.

KEYWORDS
State-based peridynamic method, material point method, metal damage, elastoplastic deformation, ductile

metal
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