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Abstract

The mesh size significantly affects the accuracy and computational efficiency of finite-
element analysis (FEA) simulations. This study investigates mesh regularization to mitigate
mesh dependency, align numerical results with experimental data, and optimize the com-
putational time for carbon/epoxy composites. Mesh regularization was implemented using
the ∗MAT_ADD_GENERALIZED_DAMAGE (MAGD) model in LS-DYNA, which in-
corporates a scaling factor based on the ply orientation and stress triaxiality to adjust the
material failure criterion. To address the limitations of trial-and-error methods for deter-
mining scaling factors, four analytical models were developed to predict these factors as
functions of element size. These predictions were validated against experimentally derived
scaling factors for unidirectional carbon/epoxy composites across three ply orientations
(0◦, 45◦, and 90◦) and three stress triaxiality conditions (tension, compression, and shear)
using mesh sizes ranging from 0.5 mm to 1.5 mm. The scaling factor effectively reduced the
mesh dependency in the tested configurations. A clear relationship between ply orientation
and mesh regularization was established; however, no definitive correlation was observed
with stress triaxiality. Among the theoretical approaches, the stress degradation model
yielded the most consistent predictions, although discrepancies with the experimental
results indicate the need for further refinement. This study proposes integrating scaling
factors into a material model as a practical approach to mesh regularization for orthotropic
materials and evaluates existing theoretical models for predicting these factors.

Keywords: mesh regularization; composite material; optimization; mechanics of material;
finite element analysis; stress triaxiality; strain failure analysis

1. Introduction
Finite element analysis (FEA) is often sensitive to mesh configurations employed in

computational models. Although this sensitivity generally decreases with mesh refinement,
exceptions to this trend persist. As Belytschko [1] noted, mesh-induced influences on the
results are undesirable because they stem from numerical artifacts rather than physical
behavior. Although finer meshes tend to improve the accuracy, particularly in regions
with steep gradients or complex geometries, they also lead to increased computational
costs [2–6]. In contrast, coarser meshes reduce the computational demands but compromise
the precision of the results. This trade-off is especially critical in dynamic simulations,
where phenomena such as impact, wave propagation, and crashworthiness require an
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accurate resolution of high-frequency stress responses [7–12]. Optimal outcomes require
a balanced meshing strategy, often supported by adaptive meshing techniques [13–17].
Experimental evidence confirms that the fracture behavior in materials is influenced by
element size [10,18–22]. Belytschko et al. [1,23] showed that even fine, uniform meshes
can yield non-convergent results. Others demonstrated mesh sensitivity in simulations
involving impact and penetration [18,24,25]. The process of eliminating the mesh-size
dependency is referred to as mesh regularization. Studies in this area aim to identify
optimal mesh sizes that balance response accuracy with computational efficiency [26,27].
Forquin and Lukic emphasized that excessively fine, unregularized elements can dis-
tort the results and inflate the calculated energy dissipation, underscoring the need for
a careful balance between resolution and fidelity [28,29]. A common and effective ap-
proach to mesh regularization employed in this study involves modifying the element
failure criterion based on mesh size. This method, known as material-based mesh reg-
ularization, is particularly crucial for simulating fracture initiation and propagation in
crashworthiness and impact scenarios. Several researchers [30–32] have developed fracture
propagation models within the finite element method (FEM) framework to characterize
ductile failure. Numerous studies [32–39] have proposed Continuum Damage Mechanics
(CDM)-based models to predict failure in isotropic and orthotropic materials. For exam-
ple, Huafe et al. [38,40] developed the Generalized Incremental Stress-State Dependent
Damage Model (GISSMO) to simulate ductile fractures in isotropic materials. According
to this model, ductile failure occurs when instability-induced energy dissipation interacts
with material damage. GISSMO has been widely adopted for ductile fracture prediction
in LS-DYNA. In such models, crack initiation is governed by a damage variable that is
independent of material strength parameters. Several constitutive models have been pro-
posed [41–46], among which the Johnson–Cook material model is considered an industry
standard for large deformation and high strain rate applications in government, military,
and industrial settings. Haight et al. [47] further refined the Johnson–Cook model by
incorporating mesh-size-based regularization, as well as triaxiality, temperature scaling,
and strain-rate effects. Empirical studies [1,23,48,49] reinforce the observation that the
fracture behavior is element-size-dependent. Belytschko et al. [1] reported non-convergent
results even with fine, uniform meshes. Liu et al. [24] examined mesh sensitivity in projec-
tile penetration simulations, while other researchers developed failure models explicitly
accounting for element size. For instance, Woelke et al. [50] observed that the ratio of
gauge length to element size significantly affects the post-necking strain energy, and Wal-
ter et al. [39] found that both mesh size and stress triaxiality influence ductile fracture
strain. Korgesaar et al. [36,37] proposed a regularizing fracture strain based on the failure
model, whereas Kwak et al. [51,52] established relationships between mesh dimensions
and local fracture energy. However, in the context of composite materials [30,31,53–58],
fracture behavior is governed by both stress triaxiality and ply orientation. Traditionally,
mesh regularization in FEA involves an analytical trial-and-error process to determine
the appropriate scaling factors for the material models. This method is computationally
expensive and time intensive, and requires repeated simulations to identify the optimal
scaling parameters [26,27]. To overcome this limitation, this study introduces a mathe-
matical framework for predicting mesh-size-dependent scaling factors, thereby enhancing
both accuracy and computational efficiency. The influence of ply orientation and stress
triaxiality on mesh regularization was investigated for a carbon/epoxy composite using
commercial LS-DYNA R14.1.0 software and the MAT_ADD_GENERALIZED_DAMAGE
(MAGD) material model [38,40]. This model enables the integration of scaling factors
adjusted for both ply orientation and stress triaxiality, thereby facilitating the accurate
simulation of fracture initiation and propagation.



Appl. Sci. 2025, 15, 11451 3 of 27

In Section 3, theoretical models are developed to predict the scaling factors as functions
of mesh size. The analysis was conducted for three ply orientations (0°, 45°, and 90°) under
tensile (triaxiality = 0.33), shear (triaxiality = 0.00), and compressive (triaxiality = −0.33)
loading conditions following methodologies from prior work [30,31,53]. These loading
conditions were selected to capture the combined influence of the stress state and fiber
orientation on composite failure, in line with the findings of Korgesaar et al. [36,37].

To validate the proposed framework, scaling factors were obtained by comparing dis-
placement curves from simulations of carbon/epoxy composite specimens with varying mesh
sizes (from 0.5 mm to 1.5 mm) against the corresponding experimental data. Additional mesh
sizes were used to verify the robustness of the scaling-factor predictions. The experimentally
derived scaling factors were then compared with theoretical estimates, and the effectiveness
of the different prediction models was assessed through a comparative analysis.

This study aims to achieve several key objectives: first, to develop and validate pre-
dictive analytical models that can determine mesh-size-dependent scaling factors directly
from material properties, eliminating the need for iterative trial-and-error calibration; sec-
ond, to systematically investigate and quantify the influence of ply orientation and stress
triaxiality on mesh regularization behavior in carbon/epoxy composites; third, to establish
a practical framework for implementing mesh regularization in the MAGD material model
for orthotropic materials; and fourth, to assess the accuracy and limitations of existing
theoretical approaches for predicting scaling factors across different loading conditions.
The findings from this work are expected to provide guidance for future development
of more robust mesh regularization techniques for anisotropic materials under complex
loading scenarios, including strain-rate effects, temperature dependency, and mixed-mode
failure conditions.

2. Methodology
This section outlines the mesh regularization procedure employed in the finite element

analysis (FEA) of composite materials using the LS-DYNA code. The primary objective
of this study is to establish a systematic approach for determining the scaling factors
to mitigate mesh dependency in FEA simulations. The methodology consisted of the
following steps:

1. Definition of the material damage model for mesh regularization. The composite
damage behavior was modeled using the MAT_ADD_GENERALIZED_DAMAGE
(MAGD) framework in LS-DYNA, superimposed on an orthotropic elastic base model
representative of the unidirectional carbon/epoxy laminate. MAGD was selected
because it introduces anisotropic tensor-based damage variables (D11, D22, D44) corre-
sponding to fiber, transverse, and shear directions, respectively. Unlike conventional
MAT_54/55 models, MAGD accounts for stress-state dependency, strain-rate effects,
and mesh-size scaling, thereby allowing consistent representation of energy dissipa-
tion across different discretizations. The formulation employs a damage tensor that
modifies the stress response progressively, with nonlinear stress fading applied after
a critical damage threshold is reached.

2. Development of theoretical models for scaling factor prediction. A predictive
framework was developed to estimate mesh-scaling factors required for regularization
of impact simulations. These scaling factors, denoted i(lc, τ), depend on both the
characteristic element length lc and the applied stress triaxiality τ. Building on
fracture mechanics principles, the model establishes a relationship between fracture
energy, critical strain energy release rates, and the element size to ensure consistent
energy dissipation irrespective of mesh density. Analytical expressions were derived
for tensile, shear, and mixed-mode loading conditions. These theoretical models
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allow scaling factors to be computed directly from intrinsic material properties, thus
reducing reliance on empirical calibration.

3. Specification of material properties. The composite material considered in this study
was a unidirectional carbon fiber/epoxy laminate, a system widely employed in
aerospace and automotive applications due to its high stiffness-to-weight ratio and
anisotropic strength characteristics. The orthotropic elastic constants (longitudinal
modulus E1, transverse modulus E2, in-plane shear modulus G12, and Poisson’s ra-
tios ν12, ν23) were extracted from experimental characterizations. Strength values
in the longitudinal, transverse, and shear directions (Xt, Yt, Sc) were specified along
with fracture toughness parameters to define the initiation and propagation of dam-
age. These inputs provided the foundation for both the failure initiation criteria
(Chang–Chang) and the subsequent MAGD-based damage evolution.

4. Execution of numerical simulations under different stress states. Finite element
models of composite specimens were developed and subjected to distinct stress triax-
iality conditions, including uniaxial tension, in-plane compression, and pure shear
loading. Each configuration was simulated with multiple mesh sizes to investigate
the sensitivity of failure predictions to discretization. The evolution of the dam-
age parameters (D11, D22, D44) was monitored, and the effective fracture energies
were calculated for each mesh density. This enabled the extraction of scaling fac-
tors corresponding to different failure modes. At present, the procedure involves a
trial-and-error calibration of scaling factors to match experimental load–displacement
responses, but the goal of this study is to move toward predictive regularization based
on intrinsic material properties.

5. Validation through comparison of analytical and experimental scaling factors. Fi-
nally, the analytically predicted scaling factors were compared against those obtained
from experimental impact and coupon-level tests. This comparison served to val-
idate the proposed theoretical framework, highlighting its accuracy in predicting
mesh-independent behavior. Discrepancies between analytical and experimental
values were discussed in terms of potential microstructural effects, strain-rate sensi-
tivity, and the limitations of shell-based modeling assumptions. This step provided
critical insight into the robustness and applicability of the proposed regularization
methodology for unidirectional carbon/epoxy composites under a wide range of
stress states.

3. Modeling Progressive Damage and Failure with Mesh Regularization
in Composites and Composite Material Used in the Study

To model damage evolution and failure, the MAT_ADD_GENERALIZED_DAMAGE
(MAGD) framework was employed. MAGD, also known as eGISSMO (extended General-
ized Incremental Stress-State Dependent Damage Model), is a modular add-on keyword in
LS-DYNA introduced in version R9 as an advancement over the isotropic GISSMO model
(MAT_ADD_EROSION with IDAM = 1). It enables the superposition of anisotropic dam-
age and fracture onto base material models, addressing limitations in capturing direction-
dependent failure in orthotropic materials, such as fiber-reinforced composites. By sup-
porting up to three independent damage variables and a fully anisotropic damage tensor,
MAGD provides a versatile tool for simulating complex degradation mechanisms under
multiaxial and dynamic loading conditions, including those encountered in impact, crash,
and blast scenarios. This extension of GISSMO incorporates orthotropic damage accu-
mulation evaluated in the material coordinate system, featuring stress-state dependency,
strain-rate effects, and element erosion upon reaching critical damage thresholds.
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MAGD introduces a second-order anisotropic damage tensor, D, which facilitates
the evolution of user-defined or predefined scalar damage variables as functions of strain,
stress triaxiality, ply orientation, and element size. The tensor relates nominal (damaged)
stresses σij to effective (undamaged) stresses σ̃ij through a 6 × 6 damage-effect matrix in
Voigt notation, allowing for up to 12 nonzero components in orthotropic cases to capture
directional degradation. This formulation is particularly advantageous for composites,
where damage modes (e.g., fiber breakage, matrix cracking, and fiber-matrix shearing) are
inherently anisotropic and require independent control over the principal directions.

This tensor formulation allows for the following:

• Mesh-size-based regularization to mitigate non-physical localization and ensure mesh-
independent results;

• Triaxiality-dependent failure, where failure strains are scaled based on the stress state
(e.g., via load curves LCSDG for triaxiality vs. failure strain);

• Ply orientation dependence, aligning damage variables with material axes (e.g., 0°,
45°, 90° for fiber, shear, and matrix directions);

• Independent control over in-plane and out-of-plane damage, with options for
volumetric-deviatoric splitting;

• Strain-rate sensitivity and nonlinear stress fading for realistic post-peak softening.

In MAGD, the damage is represented by a second-order damage tensor, D, embedded
within a 6 × 6 matrix. The general form of the damage relation for anisotropic materials is
given by Equation (1) :

σ11

σ22

σ33

σ12

σ23

σ31


=



D11 D12 D13 D14 0 0
D21 D22 D23 D24 0 0
D31 D32 D33 0 0 0
D41 D42 0 D44 0 0

0 0 0 0 D55 0
0 0 0 0 0 D66



∗



σ̃11

σ̃22

σ̃33

σ̃12

σ̃23

σ̃31



(1)

Each component Dij is defined as a function of up to three scalar damage variables
d1, d2, d3 (e.g., D11 = 1− d1) via *DEFINE_FUNCTION, enabling customizable degradation
laws. For orthotropic materials, these variables can represent the damage in principal
directions, such as longitudinal (fiber), transverse (matrix), and shear modes.

Because shell elements were employed to model the composite, the out-of-plane
stresses and their associated damage components were assumed negligible. Consequently,
the damage tensor was reduced to represent only the in-plane behavior, thereby simplifying
the constitutive relation (Equation (2)) as follows:
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

σ11

σ22

0
σ12

0
0


=



D11 0 0 0 0 0
0 D22 0 0 0 0
0 0 0 0 0 0
0 0 0 D44 0 0
0 0 0 0 0 0
0 0 0 0 0 0



∗



σ̃11

σ̃22

0
σ̃12

0
0



(2)

In this formulation, D11 corresponds to the damage accumulation along the 0◦ (axial)
fiber direction, D22 represents the damage in the 90◦ (transverse) direction, and D44 denotes
the damage associated with the 45◦ (shear) ply orientation. These components are aligned
with the principal axes of the material using flags such as IFLG2 = 1 for the evaluation of
the material coordinate system.

In this study, the Chang–Chang failure criterion was employed to model composite
failure onset, integrated within the MAGD framework to define the initiation of damage
accumulation. For fiber-dominated laminated composites under tensile loading, in-plane
failure is the dominant mechanism, occurring in three distinct modes [59–61]:

• Matrix cracking;
• Fiber breakage;
• Fiber–matrix shear failure.

For predicting matrix cracking failure, a matrix failure criterion is proposed which has
the form Equation (3): (

σy

Yt

)2
+

∫ γxy
0 σ2

xy dγxy∫ γu
xy

0 σ2
xy dγxy

=
(

e f
m

)2
(3)

where:

• σy is the transverse tensile stress in each layer;
• σxy is the shear stress in each layer;
• Yt is the transverse tensile strength;
• γu

xy is the ultimate shear strain.

For laminates with linear elastic behavior, Equation (3) can be reduced to Equation (4):

(
σy

Yt

)2
+

(
σxy

Sc

)2
=
(

e f
m

)2
=


(

e f
m

)2
< 1 ⇒ Sa f e(

e f
m

)2
≥ 1 ⇒ Failed

(4)

The matrix failure criterion states that when, in any one of the plies in a laminate,
the stresses σy and σxy satisfy one of the above equations

(
e f

m ≥ 1
)

, cracking occurs in a
laminate layer.

Both fiber-matrix shearing and fiber breakage are predicted by the modified Yamada-
Sun failure criterion, previously utilized by the author, F. K. Chang [62].
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The criterion can be expressed as Equation (5):

(
σx

Xt

)2
+

∫ γxy
0 σ2

xy dγxy∫ γu
xy

0 σ2
xy dγxy

=
(

e f
f

)2
(5)

where σx and Xt are the longitudinal tensile stress and strength of each ply, respectively.
For linear elastic laminates, Equation (5) can be reduced similarly to Equation (6):

(
σx

Xt

)2
+

(
σxy

Sc

)2
=
(

e f
f

)2
=


(

e f
f

)2
< 1 ⇒ Sa f e(

e f
f

)2
≥ 1 ⇒ Failed

(6)

The fiber failure criterion states that when, in any one of the plies in a laminate,
the combined stresses σx and σxy satisfy the criterion

(
e f

f ≥ 1
)

, that layer fails by either
fiber breakage or fiber-matrix shearing.

Once failure onset is detected via the Chang-Chang criterion (e.g., when e f
m ≥ 1 or

e f
f ≥ 1), progressive damage evolution in MAGD is governed by strain-based criteria,

where history variables (HIS1, HIS2, HIS3) drive accumulation using previously defined
functions of strain components. The failure strain, ε f , which represents the strain at which
complete failure occurs in each mode, is defined as a function of the stress triaxiality (τ),
Lode angle parameter (θL), and mesh regularization scaling factor (lc). It is expressed as
Equation (7):

ε
f
f /mregularized

= ε f /m ∗ f (τ, θL) ∗ i(lc, τ) (7)

Triaxiality is defined by Equation (8):

τ =
p

σvm
(8)

where p denotes the pressure and σvm denotes the von Mises stress. Function f (τ, θL) is
typically input via load curves (LCSDG) for each damage variable, allowing triaxiality-
and Lode-dependent failure strains that can vary by ply orientation and failure mode (e.g.,
matrix cracking aligned in the transverse direction).

After defining the failure strain, the instantaneous damage parameter corresponding
to the different triaxiality conditions and failure modes (i.e., fiber breakage, matrix cracking,
or fiber-matrix shearing) is expressed as follows in Equation (9):

dii =
εii

ε
f
f /m regularized

(9)

where ii corresponds to the fiber orientation (representing D11, D22, D44) and εii is the strain
in the ii load direction.

Accordingly, three distinct damage components were introduced, each associated with
the strain response in its respective fiber direction and tied to the relevant Chang-Chang
failure mode (e.g., D11 for fiber breakage in 0° direction, D22 for matrix cracking in 90°
direction, D44 for shear-dominated fiber-matrix failure in 45° direction). The evolution of
these cumulative damage parameters follows a GISSMO-like nonlinear accumulation law
governed by the following expressions:

Ḋ11 = n ∗ D1− 1
n

11 ∗ ḋii11 ∗ f11(τ, θL)

D11 =
∫

Ḋ11 dt
(10)
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Ḋ22 = n ∗ D1− 1
n

22 ∗ ḋii22 ∗ f22(τ, θL)

D22 =
∫

Ḋ22 dt
(11)

Ḋ44 = n ∗ D1− 1
n

44 ∗ ḋii44 ∗ f44(τ, θL)

D44 =
∫

Ḋ44 dt
(12)

where:

• n is the damage exponent (DMGEXP, controlling nonlinearity; e.g., n = 1 for linear,
n > 1 for delayed onset);

• ḋii are the instantaneous damage rates;
• fii(τ, θL) are orientation-specific functions accounting for triaxiality and lode angle effects,

ensuring consistency with the stress-state dependency in the Chang-Chang criterion.

3.1. Mesh Regularization Parameter Through MAGD

When the simulation results are transferred between models with different mesh sizes
(e.g., mapping from forming to crash analyses), the damage variables must be adjusted
accordingly. MAGD introduces a mesh-size scaling function i(lc, τ) to modify the failure
strain, where lc is the characteristic element length (computed automatically in LS-DYNA)
and τ is stress triaxiality. This factor is input via the regularization curve LCREG (ele-
ment size vs. scaling factor) with optional shear (SHRF) and biaxial (BIAXF) reduction
factors for specific triaxialities (0 and 2/3). A reference element size (REFSZ > 0) can be
specified to normalize the damage output, ensuring consistent energy dissipation across
discretizations. The scaling integrates seamlessly with the Chang-Chang criterion by ad-
justing mode-specific failure strains to maintain physical fracture energy independence
from mesh refinement.

In this study, a predictive formulation for i(lc) is proposed based solely on intrinsic
material properties, eliminating the need for empirical tuning. This is achieved by develop-
ing analytical models (e.g., fracture energy and stress degradation) that correlate scaling
factors with mesh size, validated against experimental data for carbon/epoxy composites.

In the context of composite material damage evolution, it is essential to distinguish
between the two damage parameters, d and D. The parameter d quantifies instantaneous
damage accumulation as a function of the current load triaxiality and mesh size, as de-
fined within the MAGD framework [38,40]. By contrast, the scalar damage parameters
D11, D22, D44 represent the cumulative damage along specific fiber orientations—0◦, 90◦,
and 45◦, respectively. These parameters evolve over time through the integration of dam-
age rate expressions, which are influenced by stress triaxiality, the Lode angle parameter,
and orientation-dependent failure criteria, as defined by the composite damage evolution
model [36,37]. This distinction is critical for accurately capturing the anisotropic damage
behavior of fiber-reinforced composites under dynamic loading conditions.

3.2. Composite Material Properties Used

The material used in this study was a unidirectional carbon fiber/epoxy compos-
ite with a fiber volume fraction of 65%. The volume fraction of the material was 65%.
The mechanical and failure properties were determined using a Carbon/Graphite fiber
reinforced Epoxy matrix composite (Gr/Ep) coupon test with Ala Tabiei. These Properties
are defined in the Table 1. Furthermore, Figure 1 shows failure strain vs triaxiality for
different ply orientations.
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Table 1. Mechanical properties of unidirectional carbon-fiber/epoxy composite material used in
the study.

Physical Properties Units Value

Density ρ [kg/m3] 1540
Poisson’s ratio ν [-] 0.0232
Elastic modulus in direction x Ex [GPa] 116
Elastic modulus in direction y Ey [GPa] 8.3
Shear modulus in xy plane Gxy [GPa] 5.37
Shear modulus in yz plane Gyz [GPa] 5.37
Shear modulus in zx plane Gzx [GPa] 5.37
Damage exponent n [-] 1

−0.3 −0.2 −0.1 0 0.1 0.2 0.3

2

4

6

8

Triaxiality (τ)

Fa
ilu

re
St

ra
in

(ε
f)

×
10

−
2

0◦ Ply Orientation
90◦ Ply Orientation
45◦ Ply Orientation

Figure 1. Failure strain vs. triaxiality at different ply orientations for unidirectional carbon fiber/epoxy
composite used in this study.

4. Theoretical Models for Mesh-Size-Based Failure Propagation
4.1. Fracture Energy Equation Approach

Kwak et al. investigated the influence of finite element mesh size on the behavior
of reinforced concrete structures subjected to monotonically increasing loads [52]. Their
approach to mesh regularization was based on the distribution of microcracks and fracture
energy of the material. In their formulation, the stress–strain relationship incorporates the
fracture energy as follows:

G f=
1
2

ε0 ft

∫ b/2

0
f (x)dx (13)

where:

• ft is the tensile strength of the material;
• ε0 is the strain at the end of the strain-softening, at which the microcracks coalesce

into a continuous crack;
• G f is the fracture energy consumed in formulating and opening a crack of unit length

per unit thickness;
• f (x) is the function to predict the propagation of microcracks.
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Microcrack development within an element is described using a general exponential
function, which captures the characteristic behavior of microcrack concentration near the
crack tip, particularly when the gauge length is relatively large:

f (x)= ∝ eβx (14)

where ∝ and β are constants to be determined.
By substituting the boundary conditions, that is, f (0) = 1.0 and f (b/2) = 3/b,

into Equation (14), the following expression is obtained:

f (x) = e−2/b ln b
3 x (15)

where b denotes the element width.
By combining the fracture energy expression (Equation (13)) with the microcrack

propagation function (Equation (15)), the failure strain (ε0) can be calculated as follows:

ε0 =
G f

ft
∫ b/2

0 f (x)dx
(16)

To determine the scaling factor, the failure strain (ε0) for each mesh size was calculated
using Equation (16). Then the scaling factor i(lc, τ) can be determined as follows:

i(lc, τ) =
εo mesh size

εo base mesh size
(17)

where εo mesh size is the failure strain for different mesh sizes and εo base mesh size is the failure
strain for the base mesh size.

The base mesh size was identified by aligning the numerical results from the tensile
simulations with the experimental tensile test data. Once the base mesh is established,
the scaling factor can be calculated using the equations above.

4.2. Continuum Damage Energy and Local Fracture Energy Based Approach

Kwak et al. addressed the problem of mesh sensitivity through finite element (FE)
mesh size and local fracture energy, which can convert the effect into the difference of
failure strain used to propose a criterion [51].

The fracture energy is divided into continuum and local fracture energies. The contin-
uum damage energy represents the strain-hardening portion, which varies with the size of
the specimen, and the local fracture energy represents the strain-softening portion, which
has a constant value regardless of the specimen size. A function F(x) is added to control
the size effect of the mesh. Therefore, the fracture energy can be described as follows:

G f =
1
2
(ε0 − εc) f

′
c F(x) (18)

where:

• ε0 is the failure strain;
• εc is the critical strain;
• f ′c is the critical stress for the material;
• F(x) is the size effect function dependent on the length of the mesh.

The size-effect function F(x) is composed of two components: F(b), which is a function
of the specimen width and characterizes the crack pattern of the material, and F(h), which
is a function of the specimen length.
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The crack pattern was modeled using an exponential function of the form f (x) = ∝eβx.
When b is the width of the specimen and the center of the specimen is x = 0, the boundary
conditions are f (0) = 1 and f (b/2) = (b0/b)γ. Using these two boundary conditions,
∝ = 1 and β = (2/b)γ ln(b0/b) are calculated. F(b) can be calculated by integrating F(x)
with b and inserting the maximum length:

F(b) =
2
b0

∫ b/2

0
e−( 2

b )γ ln( b
b0
)xdx =

(( b
6 )

γ − 1)

γ ln( b
6 )

(19)

where b is the mesh width size, and γ is the coefficient to modify the fracture energy.
Through the experimental data of failure strain value, F(h) was determined according

to the specimen size. Subsequently, F(b) is set to the constant value of F(b0):

F(h) =
2G f

(ε0 − εc) f ′c F(b0)
(20)

where b0 defines the base mesh width size, and h is the mesh height.
By substituting Equations (9) and (10) into the failure energy equation (Equation (8)),

the failure strain can be obtained:

ε0 =
2G f γ ln( b

b0
)

f ′c((
b
b0
)γ − 1)F(h)

+ εc (21)

However, Equation (11) introduces a critical issue: when the mesh size of an element
is smaller than the base mesh size, the resulting failure strain becomes negative, which is
physically unrealistic. To resolve this, the absolute value of the microcrack function should
be incorporated into Equation (11), leading to the following modified expression:

ε0 =
2G f

f ′c F(h)

∥∥∥∥∥ γ ln( b
b0
)

(( b
b0
)γ − 1)

∥∥∥∥∥+ εc (22)

To determine the scaling factor i(lc, τ) for each mesh size, the failure strain is first
computed using Equation (20), and the following ratio is then applied:

i(lc, τ) =
εomesh size

εobase mesh size
=

2G f

f ′c F(h)

∥∥∥∥ γ ln( b
b0
)

(( b
b0
)γ−1)

∥∥∥∥+ εc

2G f ,base

f ′c,base F(hbase)

∥∥∥∥∥ γ ln(
bbase

b0
)

((
bbase

b0
)γ−1)

∥∥∥∥∥+ εc

(23)

The base mesh size was established by comparing the experimental data from the
tensile tests with corresponding numerical simulation results. Once the base mesh is
identified, the scaling factor for the other mesh sizes can be computed using the previously
defined equations.

4.3. Modified Elastic Modulus Approach

Feng et al. investigated mesh dependency issues in reinforced concrete [63]. Their
model defines mesh regularization based on post-yield material failure, characterized
through the total strain energy, expressed as follows:

G = AL
∫ +∞

0
σdε = ALg f (24)
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where A is the cross-sectional area, L is the characteristic length, and g f is the fracture
energy density.

For finite element modeling, the numerical strain energy is modified as follows:

G =
AL
N

g f = ALeg f (25)

where N is the number of elements and Le is the characteristic element length (L/N).
However, to eliminate mesh regularization, a regularization parameter is introduced

to the strain energy equation (i.e., Equation (21)):

Greg =
AL
N

g f i(lc, τ) = ALeg f i(lc, τ) (26)

where Greg is the regularization strain energy and i(lc, τ) is the regularization factor.
For the base mesh size, the scaling factor i(lc, τ) = 1. Theoretically, the strain energy

should remain constant across the different mesh sizes:

Greg

Gbasemesh
=

ALeg f i(lc, τ)

ALbasemeshg f
= 1 (27)

From Equation (23), the scaling factor for mesh regularization can be obtained:

i(lc, τ) =
ALbasemeshg f

ALeg f
(28)

where Lbasemesh is the characteristic element length for the base mesh size.

4.4. Stress Degradation Approach

Shyamsunder et al. investigated the effect of mesh size on material failure in composite
materials [64]. They addressed the mesh regularization problem by relating the failure
strain to the stress degradation resulting from the fracture strain energy. The failure strain
can be expressed as follows:

ε
f
ii = εo

ii +
2G
σ0

iiL
(29)

where ε
f
ii is the failure strain in the ii direction, εo

ii is the yield strain in the ii direction, G is
the fracture energy, and L is the characteristic length of the finite element.

For the base mesh size, the above Equation (25) can be rewritten as follows:

ε
f
ii = εo

ii +
2G

σ0
iiLbasemesh

(30)

To eliminate mesh dependency, a scaling factor i(lc, τ) was introduced into the failure
strain. This scaling parameter is incorporated into Equation (30) as follows:

ε
f
ii =

(
εo

ii +
2G
σ0

iiL

)
i(lc, τ) (31)

Because the experimental failure strain of the material is constant, the finite element
failure strain expressions in Equations (26) and (27) are equal. Therefore, the following is
true:

ε
f
ii =

(
εo

ii +
2G
σ0

iiL

)
i(lc, τ) = εo

ii +
2G

σ0
iiLbasemesh

(32)
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From Equation (28), the scaling factor can be derived:

i(lc, τ) =
εo

ii +
2G

σ0
ii Lbasemesh

εo
ii +

2G
σ0

ii L

(33)

5. Mesh Regularization Scaling Factor for Orthotropic Materials Based on
Various Stress Triaxiality

It is important to consider material orientation when applying mesh regularization
to orthotropic materials. In this study, three ply orientations were analyzed for the car-
bon/epoxy composite material (described in the previous section): 0◦, 90◦, and 45◦.

5.1. Finite Element Modeling Approach

Finite element models of composite specimens were developed using shell elements
in LS-DYNA to simulate the behavior under different loading conditions. Each specimen
was modeled as an 8-layered laminate with appropriate ply thicknesses corresponding to
the specific orientation being analyzed. The mesh was generated using a combination of
quadrilateral and triangular shell elements to accommodate the specimen geometry and
boundary conditions.

Six different mesh sizes (0.5 mm, 0.7 mm, 0.9 mm, 1.1 mm, 1.3 mm, and 1.5 mm)
were employed across all ply orientations to investigate the mesh dependency of the
failure predictions and to determine appropriate scaling factors for mesh regularization.
For each configuration, the base mesh size was identified by comparing the numerical
simulation results with experimental data, ensuring that the simulation without scaling
factors provided the closest match to the experimentally observed behavior. To validate the
robustness and accuracy of the derived scaling factor curves, three additional intermediate
mesh sizes (0.6 mm, 1.0 mm, and 1.4 mm) were tested using the scaling factors predicted
from the established mesh-size-dependent curves.

The specimens were divided into three distinct regions to facilitate proper boundary
condition application and load transfer: the deformable region (blue), where material
failure and damage evolution were monitored; the displacement or force application region
(red), where loading was applied; and the fixed constraint region (green), where all degrees
of freedom were constrained to prevent rigid body motion. This regional approach ensured
accurate representation of experimental test conditions while minimizing artificial stress
concentrations at the boundaries.

5.2. Tensile Test Specimen (τ = 0.33)

An 8-layered tensile test specimen was used, as shown in Figure 2. The specimen was
300 mm in length and 38.5 mm in width. It is divided into three regions: the blue region
represents the deformable section (140 mm long), the red region denotes the tab where
displacement or force is applied, and the green region corresponds to the fixed tab where
no deformation or displacement occurs. The individual composite layer thicknesses are
0.316 mm, 0.314 mm, and 0.311 mm for the 0◦, 90◦, and 45◦ plies, respectively. Figure 3
shows an isometric view of the tensile test specimen with the eight layers used in this study.
Further details on this tensile test specimen are available in ASTM standard D3039 [65] and
Littell [66].
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Figure 2. Specifications of the tensile test specimen used in this study. The three regions in the speci-
men: Blue—the deformable region , Red—displacement/force application tab, and Green—fixed tab.

Figure 3. Isometric view of the tensile test specimen with its eight layers used in this study.

For the 0◦ ply, the simulation results without scaling factors showed that the 0.5 mm
mesh size best matched the experimental data. Consequently, a 0.5 mm was chosen as the
base mesh size was chosen for this orientation. Figure 4 shows the stress–strain curves for
all the mesh sizes without regularization.

Figure 4. Tensile test stress–strain curve for 0◦ ply orientation for all mesh sizes without scaling factors.

Figure 4 reveals a significant deviation in the failure strains for different mesh sizes
compared with the base mesh size (0.5 mm). To correct for this, scaling factors were
introduced into the material model.
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Figure 5 shows the scaling factors determined for each mesh size.
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Figure 5. Scaling factors for different mesh sizes for tensile test of 0◦ ply orientation.

Figure 6 shows the stress–strain curves for all mesh sizes with the applied scaling factor.

Figure 6. Tensile test stress–strain curve for 0◦ ply orientation for all mesh sizes with scaling factor.

Figures 7 and 8 compare the stress–strain results for the validation cases with and
without scaling factors, respectively.

For the 45◦ and 90◦ ply orientations, a 0.5 mm mesh size without scaling also provided
the closest match to the experimental data, establishing it as the base mesh size for these
plies. The scaling factors for the various mesh sizes were determined using a similar
approach. Figure 9 compares the scaling factors and stress–strain behavior for all the mesh
sizes and ply orientations.

A validation study was conducted for these orientations using mesh sizes of 0.6 mm,
1.0 mm, and 1.4 mm, similar to the 0◦ ply validation.
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Figure 7. Tensile test stress–strain curve for 0◦ ply orientation for validation cases without scaling factor.

Figure 8. Tensile test stress–strain curve for 0◦ ply orientation for validation cases with scaling factor.
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Figure 9. Scaling factor comparison for tensile test in all ply orientation.

5.3. Compression Test Specimen (τ = −0.33)

An 8-layered compression test specimen was used, as shown in Figure 10. The spec-
imen was 150 mm in length and 38.5 mm in width. It was similarly divided into three
regions: the deformable region (30 mm long, blue), displacement/force application tab
(red), and fixed tab (green). The individual layer thicknesses were 0.322 mm, 0.308 mm,
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and 0.318 mm for the 0◦, 90◦, and 45◦ plies, respectively. Further details are provided in
ASTM standards D3410 [67] and Littell [66].

Figure 10. Specifications of compression test specimen used in this study. The three regions in the
specimen: Blue—the deformable region , Red—displacement/force application tab, and Green—
fixed tab.

Figure 11 shows compression test stress–strain curve for 0◦ ply orientation for all mesh
sizes without scaling factors.

Figure 11. Compression test stress–strain curve for 0◦ ply orientation for all mesh sizes without
scaling factors.

Figure 12 shows the scaling factors for the 0◦, 45◦, and 90◦ ply orientations obtained
from the optimization process.
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Figure 12. Scaling factor comparison for compression test in all ply orientation.
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5.4. Shear Test Specimen (τ = 0.0)

An eight-layered v-notched shear test specimen, as shown in Figure 13, was used.
The specimen measured 76 and 19 mm in length and width, respectively. The specimen was
divided into three parts: the deformable region (blue), displacement/force application tab
(red), and fixed tab (green). The layer thicknesses were 0.308 mm, 0.311 mm, and 0.318 mm
for the 0◦, 90◦, and 45◦ plies, respectively. Additional details are available in the ASTM
standard D5379 [68].

Figure 13. Specifications of shear test specimen used in this study. The three regions in the specimen:
Blue—the deformable region , Red—displacement/force application tab, and Green—fixed tab.

Figure 14 shows shear test stress–strain curve for 0◦ ply orientation for all mesh sizes
without scaling factors.

Figure 14. Shear test stress–strain curve for 0◦ ply orientation for all mesh sizes without scaling factors.

A comparable method was employed to determine and optimize the scaling factors
for various mesh sizes. The resulting scaling factors for the 0◦, 45◦, and 90◦ ply orientations
are shown in Figure 15.
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Figure 15. Scaling factor comparison for shear test in all ply orientations.

6. Discussion
It was observed that a mesh size of 0.5 mm consistently served as the base mesh across

all ply orientations and triaxiality conditions considered in this study. The derived scaling
factors demonstrated an inverse relationship with mesh size, that is, the scaling factor
decreased as the mesh size increased. This dependency may be attributed to several factors,
including the element formulation, mesh discretization strategy, interpolation (approxima-
tion) functions, and integration scheme employed in the finite element analysis. While the
element type itself does not induce mesh dependency, it contributes to mesh sensitivity.
This distinction becomes particularly important when using energy-based regularization
methods, which fail to fully mitigate mesh-dependent damage localization. Element formu-
lations can also influence how damage localizes within the mesh, potentially affecting the
global force–displacement response of the structure. In addition, the mesh discretization
approach introduces inconsistencies. In this study, a combination of quadrilateral (quad)
and triangular (tri) shell elements was used, which may have contributed to irregularities
in damage propagation and mesh sensitivity. When the scaling factors were compared
across ply orientations, a general decreasing trend was observed with increasing mesh size
for all cases. The only notable exception was observed in the compression test for the 0◦ ply
orientation, where the trend deviated slightly. Figures 16–18 illustrate these comparisons
across tensile, compression, and shear tests, respectively.

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

0.2

0.4

0.6

0.8

1

Mesh Size

Sc
al

in
g

Fa
ct

or

0◦ Ply Orientation
45◦ Ply Orientation
90◦ Ply Orientation

Figure 16. Scaling factor comparison for tensile test in all ply orientations.



Appl. Sci. 2025, 15, 11451 20 of 27

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
0

0.5

1

Mesh Size

Sc
al

in
g

Fa
ct

or

0◦ Ply Orientation
45◦ Ply Orientation
90◦ Ply Orientation

Figure 17. Scaling factor comparison for compression test in all ply orientations.
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Figure 18. Scaling factor comparison for shear test in all ply orientations.

Figures 19–21 present comparisons of the scaling factors across all test types and ply
orientations. However, no clear or consistent trend could be identified from these results,
indicating the complex nature of mesh sensitivity in composite failure modeling.

Among the theoretical predictive models evaluated for estimating the scaling factors,
the stress degradation model yielded the most consistent correlation with the experimental
results. However, it failed to fully capture the irregularities observed in the experimental
data. This discrepancy is likely due to the inability of the model to incorporate the influence
of mesh discretization techniques, such as element shape, orientation, and transition
effects, on failure strain predictions. Figure 22 illustrates the comparison between the
experimentally determined and theoretically predicted scaling factors.
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Figure 19. Scaling factor comparison for all tests in 0◦ ply orientation.
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Figure 20. Scaling factor comparison for all tests in 45◦ ply orientation.
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Figure 21. Scaling factor comparison for all tests in 90◦ ply orientation.

To quantify the comparison between experimental and predicted scaling factor, the Rel-
ative Error of Prediction (REP) was used, which was calculated as follows:

REP =

∣∣∣∣SFexp − SFpre

SFexp

∣∣∣∣ ∗ 100 (34)

where SFexp is the scaling factor found experimentally and SFpre is the analytically predicted
scaling factor.

The analysis revealed that the Relative Error Percentage (REP) values for the scaling
factor comparisons spanned a wide range, from a minimum of 1.53% to a maximum of
54.10%—highlighting considerable variability in predictive accuracy depending on the
test type and ply orientation. Notably, the REP values for the tensile and shear tests were
consistently lower than those for the compression tests across all ply orientations (0◦, 45◦,
and 90◦). For example, in the 0◦ ply orientation, the tensile and shear tests demonstrated
significantly lower REP values than those of the corresponding compression tests. This
suggests that the stress degradation model employed in the numerical simulations captured
the material behavior more accurately under tensile and shear loading conditions than
under compressive loading.

The discrepancies in the REP can be attributed to several factors. Although the
stress degradation model has shown consistency across various loading cases, it struggles
to fully account for the complex failure mechanisms prevalent in compression, such as
localized buckling, matrix microcracking, and fiber kinking. These phenomena introduce
significant nonlinearity and heterogeneity into the failure process, which is difficult to
replicate accurately with standard constitutive models.
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Figure 22. Comparison of experimental and predicted scaling factors using the stress degrada-
tion method.

Additionally, one major source of deviation between the experimental and simulated
results is the attenuation of vibrational energy. In explicit dynamic simulations, residual
kinetic energy can persist owing to inadequate damping or coarse temporal resolution,
which affects the fidelity of the post-yield deformation and failure predictions [69,70].
Moreover, simplified representations of frictional contact between composite plies can
further compromise the accuracy of failure modeling [71–73]. These simplifications limit
the ability of the model to capture transient, localized contact phenomena, which play a
key role in energy dissipation and damage evolution.

To address these uncertainties, it is often advisable to interpret numerical results within
a probabilistic or parametric framework that incorporates variability in input parameters,
such as interfacial friction, strain rate sensitivity, and material heterogeneity, to assess
the robustness and confidence intervals in simulation predictions [74–76]. For instance,
the global discing failure mode observed experimentally, characterized by radial fracture
patterns, results from the stress waves generated upon loading. These waves propagate
through the material, creating transient triaxial stress states that trigger failures along the
radial and circumferential planes [77]. Accurate modeling of such phenomena necessitates
fine spatial and temporal resolution in addition to sophisticated failure criteria and material
models capable of capturing anisotropic dynamic damage mechanisms.

An alternative to fixed-mesh regularization strategies is adaptive meshing or remesh-
ing, which enables localized refinement based on evolving solution fields. Adaptive
meshing dynamically modifies the mesh configuration in response to a posteriori error esti-
mates, often derived from energy-based criteria, to concentrate the computational effort in
regions of high stress gradients or damage evolution, such as crack tips, notches, or impact
zones [78–80]. The core principle of energy-based adaptive refinement is to equidistribute
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the discretization error (measured in the energy norm) across all elements, thereby mini-
mizing the global error in the strain energy between the numerical and exact solutions.

Several robust energy-based a posteriori error estimators have been developed to guide
this refinement process, including the Zienkiewicz–Zhu (ZZ) error estimator, residual-based
estimators, goal-oriented estimators, equilibrated flux estimators, and element energy-
dissipation-based methods [81–90]. These estimators provide rigorous and localized indica-
tors of where and how the mesh should be adapted to satisfy the prescribed accuracy goals.

Despite its advantages, adaptive remeshing introduces its own challenges. This
often incurs a significant computational overhead owing to repeated mesh updates and
reanalysis. The effectiveness of the method is highly dependent on the precision of the error
estimators. In problems involving large deformations, the mesh may become distorted or
require frequent remeshing, which can adversely affect numerical stability and convergence.
Furthermore, adaptive techniques may face limitations in multiphysics simulations or in
cases with complex contact conditions and highly anisotropic material behavior, where the
formulation of reliable error indicators becomes significantly more difficult [90–93].

7. Conslusions
A comprehensive investigation of the influence of ply orientation and stress triaxiality

on mesh regularization in orthotropic composite materials was conducted in this study.
Mesh regularization was implemented by introducing a scaling factor into the failure strain
definition within the ∗MAT_ADD_GENERALIZED_DAMAGE (MAGD) framework in
LS-DYNA. A carbon/epoxy laminate was analyzed across three ply orientations (0◦, 45◦,
and 90◦) and three loading conditions representing distinct triaxialities: tension, compres-
sion, and shear. The results showed a generally inverse relationship between the scaling
factor and mesh size, with the scaling factors decreasing as the element size increased.
Four theoretical models were evaluated for their ability to predict scaling factors based
on the mesh size. The stress degradation model produced the most consistent results
across different ply orientations and test configurations. However, although a strong cor-
relation between ply orientation and mesh regularization was identified, no conclusive
trend could be established for the influence of stress triaxiality on the mesh regularization
behavior. The findings indicate that the existing theoretical models remain inadequate
for fully capturing the mesh regularization effects in orthotropic composites, particularly
under varied triaxial loading conditions. Therefore, the further development of predictive
models that account for material anisotropy, mesh discretization effects, and multiaxial
failure mechanisms is necessary. Nevertheless, the approach presented—introducing mesh-
dependent scaling factors into the material model—offers a practical and effective strategy
for mitigating the mesh sensitivity in finite element simulations of orthotropic materials.
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