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A B S T R A C T

Application-oriented simulations, such as automotive crash simulations, often utilize large shell elements to 
optimize computational efficiency. This study applies the crack band approach typically used for concrete ma
terials to steel sheets. The aim was to examine this regularization method for different stress states with plane 
stress shell elements to reduce mesh sensitivity, in respect to element size as well as to element shape. Finite 
element simulations of four specimens covering the lower and mid triaxiality range were performed with LS- 
Dyna using small solid elements and large shell elements. For each specimen, the results of a finite element 
simulation performed with large shell elements were compared with results of a block of solid elements of equal 
dimensions. Each finite element solver uses different shell formulations, which can influence the exact results of 
the simulation. Nonetheless, the comparison provides insights into the expected behavior compared to the 
behavior resulting from shell simulations. The guidelines developed in this study were tested numerically for a 
tensile test with a spot weld by comparing differently discretized meshes. The results show that the characteristic 
length determined by the crack band approach improves shell element simulations compared to the conven
tionally calculated characteristic length. This approach accommodates various aspect ratios and arbitrarily 
shaped shell elements.

1. Introduction

For the finite element analysis of large structures, such as aircrafts, 
ships or automobiles, the finite element models are often meshed with 
shell elements. For the model of a full vehicle analysis, shell elements 
with edge lengths of 2 or 3 mm are used at relevant crash impact areas. 
However, damage relevant material behavior is driven on a much 
smaller scale. Fracture and damage can only be adequately described 
using small solids. With careful calibration, reasonable results can be 
achieved with shell elements, but the results are notably size-dependent. 
Therefore, regularization methods for shell elements are needed to ac
count for mesh size effects and material behavior in the localized zone 
that cannot be resolved by large shell elements.

Generally, the material behavior in the localized zone can be 
described by micromechanical or phenomenological damage models. By 
adequately describing the behavior in the localized zone, macroscopic 
behavior such as softening and fracture initiation are captured by finite 
element analysis. However, if the finite element analysis is performed 

with large elements, the results of the analysis vary with the element 
size.

Various approaches exist in literature to address mesh size effects of 
large shells. In cohesive zone modeling, the bulk behavior is captured in 
continuum elements and the damage processes are captured using 
cohesive zone elements at the interface between the continuum ele
ments. To effectively use the cohesive zone framework for larger scales, 
modifications to the framework are required [1]. The shape, peak-load 
and cohesive energy of the traction-separation law, which governs the 
cohesive element model are all affected by the size of the element [2]. 
For large structures, the strength of the cohesive element can be scaled 
by the element length and number of elements along the interface [3]. 
Most cohesive zone models use the dissipated fracture energy per crack 
area as a reference to scale the model for larger element sizes [4,5]. 
Capturing information on thickness reduction in the cohesive element 
by using the property of volume incompressibility of metals [6] is 
another approach to account for mesh size effects.

The crack band approach is a computationally efficient approach to 
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avoid mesh size effects [7]. It uses the fact that the strain-softening 
damage process localizes into one layer of elements for larger ele
ments. The model parameters that control softening behavior are 
modified so that the same energy is dissipated per unit area of the shell 
element as in the height of the physical fracture process zone. The crack 
band approach is often used in applications involving concrete and 
geomaterials [8,9].

Some authors have developed special damage models [10–12] or 
variational damage models to deal with mesh size effects [13], whereas 
others have modified existing failure criteria or phenomenological 
damage models [14–16]. To account for mesh size effects in phenome
nological damage models, the fracture locus can be scaled depending on 
element size and triaxiality [15], or a stress concentration exponent for 
different element sizes and triaxialities can be used [16].

In the context of regularization, the element size is also referred to as 
the characteristic length. The characteristic length must be clearly 
defined to employ any of these regularization models. Most often, the 
characteristic length is defined as the square root of the element area, 
which is equal to the edge length of a perfectly square element. It can be 
shown that for arbitrarily shaped elements and arbitrary aspect ratios of 
the element edge lengths, this can lead to ill-fitting regularization. This 
can be addressed by using other definitions of the characteristic length 
[17–19]. These methods build on earlier work, where it was suggested to 
calculate the characteristic length as a function of fracture energy [20].

Many regularization methods have been developed either for crack 
propagation in concrete structures or for modeling ship collisions. These 
applications either require a plane strain condition or deal with rela
tively large shell thicknesses of about 10 mm and often exhibit stress 
conditions with high triaxialities. Therefore, they are often unsuitable 
for applications in crash modeling, where sheet thicknesses are usually 
smaller than 3 mm and stress triaxialities can be on the lower side. How 
to deal with arbitrarily shaped elements and define the characteristic 
length, when the stress state varies remains an open question. Cali
brating and validating these regularization models can be difficult, 
particularly when dealing with various stress triaxialities. The calibra
tion tests must cover various stress states in shear, uniaxial, and biaxial 
loading, where the stress state must remain constant throughout the 
specimen loading. Calibration specimens often have details much 
smaller than the targeted shell element size for the analysis of large 
structures.

In this study, specimens for four stress states were calibrated using 
large shell elements and small solids. A comparison of the results of the 
shell and solid models provides a deeper understanding of the rela
tionship between the effects of mesh size and triaxiality. The results 
indicate that elements with large aspect ratios do not necessarily nega
tively affect the simulation results. By strategically placing elements 
with large aspect ratios, negative effects caused by small geometric 
details can be avoided. The results also show that displacement is a 
better indicator for regularization, which is consistent with earlier 
studies on mesh sensitivity and regularization methods [20]. The simple 
shear specimens show that no regularization is required for a stress 
triaxiality of zero. While this is a known issue, an additional specimen 
that combines simple shear with uniaxial tension shows that tying reg
ularization to the triaxiality may be insufficient, since triaxiality does 
not distinguish cases that combine simple shear and coaxial stretch from 
cases of only coaxial stretch [21–24].

This study provides guidelines for the calibration of shell elements for 
finite element analysis and the development of regularization methods. 
Guidelines to account for different element sizes in damage modeling that 
can be combined with any phenomenological damage model are pre
sented. The exact results and implementation will vary depending on the 
shell element formulations. In the last section, aspects of the presented 
guidelines are tested on a practical example, where the deformation and 
failure of a softened heat-affected zone around a spot weld in a steel sheet 
under quasi-static loading are analyzed. The analysis relies on numerical 

simulation only and is not based on experimental results. The results 
suggest that by applying these guidelines, the effects of element size and 
aspect ratio can be reduced.

2. Material & methods

In this section, the experimental tests for the characterization 
resulting from press-hardening steel sheet material are described. The 
steel sheet used in this study was primarily designed for automotive 
structures. It is particularly relevant for the construction of the passen
ger cabins, such as the B-pillar, because it has a high ultimate tensile 
strength of approximately 2 GPa. The chemical composition of the ma
terial is described in Table 1. The steel sheet has a thickness of 1.0 mm 
and is coated with aluminium-silicone (AlSi). Due to the coating, which 
accounts for 0.1 mm on each side of the steel sheet, the Young’s modulus 
is lowered in comparison to steel which has a Young’s modulus of 
210 GPa to a value of 182 GPa. This value was approximated by 
weighing the Young’s modulus of steel (210 GPa) and aluminium 
(~69–71 GPa) according to the ratio of total thickness and coating 
thickness of the steel sheet. The simulation of the material behavior with 
this adjusted Young’s modulus gives a good agreement with the exper
imental behavior in the elastic zone which we will see in more detail in 
Section 3.

Press-hardened steels are special in that they form a softened zone 
around the spot weld due to the heat treatment and recrystallization that 
occurs [25–27]. The characteristic mechanical properties of this 
heat-treated material and the base material are listed in Table 2. The first 
line describes the properties of the base material, which is the steel sheet 
in its fully press-hardened state. The second line describes the material 
properties, which occur after spot welding around the spot weld. This 
region is referred to as the softened heat-affected zone (SHAZ). Other 
names such as sub-critical heat affected zone are also common in 
literature.

For the microstructures similar to the SHAZ, the approach described 
in [25] was adopted. Strips of press-hardened steel were heat-treated in 
a Gleeble simulator to create microstructures similar to those of the 
material occurring in the spot weld. To obtain a microstructure similar 
to that of the SHAZ, a maximum temperature of 700 ◦C was used. This 
peak temperature was reached after 1.6 s, and the metal strips were then 
cooled at a rate of 190 K s-1. After heat treatment, specimens with the 
final geometry were extracted and tested. Flat tensile specimens for the 
base material (BM) were extracted from a fully press-hardened sheet.

2.1. Experimental procedures

For modeling of the ductility and the damage behavior, different stress 
states need to be considered. Four specimen geometries were tested and 
extracted from the heat-treated material strips by waterjet cutting. The 
dimensions of the specimens are shown in Fig. 1. These specimens will be 
referred to as uniaxial tensile test (ut) and notched tensile test (ntR4), 
shear test 45◦ (sh45) and shear test 0◦ (sh0). These tests cover a theo
retical range of 0–0.57 for triaxiality. The uniaxial tensile test is designed 
to test a stress state of Lode parameter ξ = 1 and triaxiality η = 1

3, the 
notched tensile test is designed to test plane strain with ξ = 0 and η = 1̅ ̅̅

3
√ , 

the shear test 0◦ is designed to test simple shear with ξ = 0 and η = 0 and 
the shear test 45◦ falls in the range between simple shear and uniaxial 
tension.

The boundary conditions of the shear test 45◦ approximately agree 
with the load case discussed in [28]. For a unit cube tilted by an angle ϕ 
from the horizontal axis and pulled in the vertical direction, where the 
upper plane of the cube has two translational degrees of freedom, the 
triaxiality can be calculated using Equation (1). 

η =
( ̅̅̅

3
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + 4⋅tan2ϕ
√ )− 1

(1) 
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This leads to theoretical values for the shear test 45◦ of η = 1̅̅ ̅̅
15

√ ≈

0.258 and ξ = 6
̅̅̅̅
15

√

25 ≈ 0.93.
Because of the Gleeble process, no material of sufficient size for a 

punch test could be provided.
The specimens were tested at room temperature under quasi-static 

loading with a testing speed of 0.25 mm/second according to DIN EN 
ISO 6892–1 to determine the mechanical properties. The testing ma
chine was an Instron 5985 Universal testing machine. The ends of the 
specimens were clamped with hydraulic wedge grips and in the case of 
the uniaxial tensile test and notched tensile test rigidly connected to the 
testing machine. The two shear specimens were connected with a rota
tional degree of freedom around the axis perpendicular to the flat sur
face of the specimen. This prevents bending, which can occur at the 
sharp tips of the notches for these types of shear tests. The specimens 
were prepared with a speckled pattern to capture the displacements 
during loading with digital image correlation (DIC), which was con
ducted with the software GOM ARAMIS.

2.2. Numerical procedures

2.2.1. Finite element model
The finite element analyses in this study were performed using LS- 

Dyna R12 Explicit solver. Three types of finite element analyses were 

performed. First, the four specimen geometries were simulated with 
solid elements. The results of the solid element simulations are pre
sented in Section 3.1. Second, the four specimens were simulated with 
shell elements. These results are presented in Section 3.2 and Section 
3.3. Third, the results of the solid and shell element simulations were 
compared in Section 3.4. Additionally, a flat tensile test with a spot weld 
in the center was simulated and its results are presented in Section 3.5. 
This type of specimen can be produced by spot welding a small square 
piece of steel sheet to a larger steel sheet and then separating the two 
sheets by carefully cutting and then grinding off the small square piece. 
The larger sheet that remains exhibits the softened heat-affected zone, 
the heat-affected zone and parts of the weld nugget. The final contour of 
the flat tensile test can be extracted from this larger sheet [25]. In the 
current study, only a simulation of this experiment was performed, no 
experimental data were obtained. The simulation compares four 
different discretizations of the specimen and examines the differences in 
results from the perspective of mesh sensitivity. The simulation reflects 
realistic results by matching the global displacement to results in the 
literature [25].

Fig. 2 illustrates the boundary conditions for the simulations. The 
boundary conditions are the same for solid simulations, shell simula
tions and the flat tensile test with a spot weld. All nodes at the lower 
clamped side of the specimen (NFIX) are fixed in space and have zero 
degrees of freedom. The nodes on the upper clamped side (NMOV) are 
fixed in z-direction and move in y-direction (longitudinal-direction) 
with velocity v0 = 0.01 m

s . For the uniaxial tensile test (ut) and the 
notched tensile test the x-direction (width-direction) is also fixed, while 
for both shear tests the nodes NMOV can move in width-direction. None 
of the simulations use a symmetry condition. For all simulations a full 
model was used. This allowed to place one element at the exact center of 
specimen. This center element has a size of 0.1 mm× 0.1 mm× 0.1 mm 

Table 1 
Chemical compositions of steels, mass content in 0.001 wt%.

Materiala) C Si Mn P S Al Cr Ni Mo Cu V Nb Ti N B Fe

CR1900T 332 543 644 ​ ​ 38 337 432 195 ​ ​ ​ ​ ​ 2 Bal.

a) batch-specific data provided by manufacturers

Table 2 
Mechanical properties for different material zones.

Rp0.2, MPa Rm, MPa Ag, % A, %

CR1900T, BM 1395 2042 3.9 4.8
CR1900T, SHAZ 957 1015 4.6 15.5

Fig. 1. Specimen geometries for uniaxial tensile test (ut), notched tensile test with 4 mm radius (ntR4), shear test with 45◦ angle (sh45) and shear test with 
0◦ angle (sh0).
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for the default solid element simulations, and a size of 0.5 mm× 0.5 mm 
for the default shell element simulations which were used for the cali
bration of the material models. The surrounding elements also matched 
this size as close as possible. This allows for the plastic deformation to 
distribute symmetrically in the longitudinal-direction and concentrate 
into one row of elements. The resultant forces are evaluated at the cross 
section defined by the node set NFORC and its related elements ELFORC. 
Nodes are placed at the upper (NTOP) and lower (NBTM) positions of 
the gauge length. These nodes are used to determine the global 
displacement.

For solid elements, the element formulation ELFORM= 1 was used, 
which is an element with eight nodes and one integration point posi
tioned at the center of the element. Default hourglass control is used 
with the keyword *CONTROL_HOURGLASS, adding stiffness to the 
hexahedral solid elements. For the shell element simulations, 
ELFORM= 16 was used, which is a fully integrated shell element with 
four nodes. The Gauss integration points are located at four positions of 
the shell element face with five through-thickness integration points for 
a total of 20 integration points. It is proven to be effective to use the 
option ICRQ= 1 in the keycard *CONTROL_SHELL, which averages 
plastic strain across element edges and option ISTUPD= 4, which allows 
for thickness change of the shell elements and neglects elastic strains for 
the calculation of the updated thickness. For the shell elements, the 
*CONTROL_HOURGLASS keyword was set to use the stiffness form of 
type Flanagan-Belytschko (IHQ=4, QH=0.1). These options are specific 
to LS-Dyna. All solvers offer different options to deal with the short
comings of 2D simulations.

For the solid model of the shear test 0◦, one modification had to be 
made to the discretization. The mesh discretization was done in a way 
that the mesh is oriented along the localized band during deformation. 
For this purpose, the solid elements of the shear specimen 0◦ were 

angled 8◦ in respect to the direct line connecting the center of the two 
notches. By using an inclined mesh, the plastic strain will concentrate 
into a narrower band of elements, which allows for the plastic strains to 
grow faster. This was the only way to achieve a calibration of the frac
ture locus to match the experimental results. For the shell model of the 
shear test 0◦, the elements were kept aligned with the notch geometry.

The time steps were between 8E-6 and 8E-5 for both the solid and 
shell element simulations. No mass scaling was used, which led to low 
values of kinetic energy despite the high velocity. The evolution of en
ergy over time is plotted in Fig. 3. The time axis is normalized using the 
time of failure.

2.2.2. Material model
The Swift-Voce model is a commonly used constitutive model for 

isotropic ductile steel sheet metals. The parameters of the Swift model 
Equation (2) are A, ε0 and n. The Voce model Equation (3) uses the 
parameters k0, Q and β0. The two models are combined with a factor α 
for the Swift model and a factor (1 − α) for the Voce model to form the 
Swift-Voce model. 

σS
y = A⋅

(
ε0 + εpl)n (2) 

Fig. 2. Boundary conditions of finite element analysis.

Fig. 3. Evolution of kinetic and internal energy over normalized time for the 
finite element simulations with a) solid elements and with b) shell elements.
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σV
y = k0 + Q⋅

(
1 − e− β0εpl

)
(3) 

σS− V
y = α⋅A⋅

(
ε0 + εpl)n

+ (1 − α)⋅
[
k0 + Q⋅

(
1 − e− β0εpl

) ]
(4) 

The material in the softened heat-affected zone exhibits a yield 
plateau with a constant strength when plastic deformation begins. This 
was accounted for by replacing the beginning of the Swift-Voce curve 
with a linear segment.

The parameters of the Swift-Voce model were calibrated with an 
inverse approach using the uniaxial tensile test (ut) and are listed in 
Table 3. Separate sets of parameters were calibrated for solid elements 
and shell elements.

A phenomenological damage model was selected to calculate dam
age accumulation dependent on the stress state and to predict the strain 
to fracture. The Hosford Coulomb model was selected because it only 
uses four parameters a, b, c and nf [30]. The equation for the Hosford 
Coulomb model is given in Equation (5). Parameter nf is commonly set 
to 0.1, leaving only three parameters that need to be calibrated. All four 
specimen geometries described in Section 2.1 were simulated in LS-Dyna 
to inversely determine the three parameters of the fracture locus. The 
resulting parameters for the softened heat-affected zone are listed in 
Table 4. Again, separate sets for shell and solid elements are provided. 
The simulations in this study focus on the modeling of the softened 
heat-affected zone material and the fracture prediction in this zone. 
Therefore, the Hosford Coulomb parameters for the base material are 
not listed in Table 4.  

With parameters f1, f2, f3: 

f1(θ) =
2
3

cos
(π

6
(1 − θ)

)
, f2(θ) =

2
3

cos
(π

6
(3+ θ)

)
, f3(θ)

= −
2
3

cos
(π

6
(1+ θ)

)
.

The stress state is described by triaxiality η, Lode angle parameter θ 
and equivalent plastic strain εpl

eq. The triaxiality η is defined as the ratio 
between the volumetric stress p and the von Mises equivalent stress σe. 
The principal stress values are the maximum principal stress σ1, the 
intermediate principal stress σ2 and the minimum principal stress σ3. 
The Lode angle parameter θ is calculated from the Lode parameter ξ, 
which relates the third deviatoric stress invariant J3 to the von Mises 
equivalent stress. An additional parameter can also be found in the 
literature as the Lode parameter L described in Equation (13). 

p = − σm = −
1
3
(σ1 + σ2 + σ3) (6) 

q = σe =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2

[
(σ1 − σ2)

2
+ (σ2 − σ3)

2
+ (σ3 − σ1)

2
]

√

(7) 

r =

[
27
2

(σ1 − σm)(σ2 − σm)(σ3 − σm)

]1
3 (8) 

η = −
p
q (9) 

ξ =

(
r
σe

)3

=
27
2

J3

σe3
(10) 

ξ = cos(3θ) (11) 

θ = 1 −
2
π arccos(ξ) (12) 

L =
3 tan(θ) −

̅̅̅
3

√

tan(θ) +
̅̅̅
3

√ =
2σ2 − σ1 − σ3

σ1 − σ3
(13) 

Furthermore, under a plane stress condition, the fracture locus can 
be simplified from a surface to a 3D curve. Triaxiality η and Lode 
parameter ξ are uniquely related according to Equation (14) for the 
plane stress condition. 

ξ = −
27
2

η⋅
(

η2 −
1
3

)

(14) 

The Generalized Incremental Stress State dependent damage Model 
(GISSMO) provides a material model that can be used to transfer damage 
calculated from forming simulations to crash simulations [31,32]. By 
treating the constitutive model and damage formulation separately, it is 
possible to combine a unified formulation of damage with arbitrary 
material models. An isotropic von Mises plasticity model is implemented 
with the keyword *MAT_PIECEWISE_LINEAR_PLASTICITY for LS-Dyna, 
where the stress-strain values are given in tabular form. Damage accu
mulation is considered using the keyword *MAT_ADD_EROSION. 

D =

∫ε
pl
eq

0

dεpl
eq

εf
(15) 

Table 3 
Swift-Voce parameters for different material zones [29].

Material A ε0 n k0 Q β0 α Yield plateau

CR1900T, BM, Solids 2900 0.001 0.08 1107 1030 122 0.3 ​
CR1900T, SHAZ, Solids 1915 0.001 0.18 719 361 53 0.11 [0., 0.023] [960., 970.]
CR1900T, BM, Shells 2900 0.001 0.07 1057 1030 130 0.28 ​
CR1900T, SHAZ, Shells 1225 0.001 0.18 740 395 53 0.11 [0., 0.022] [960., 960.]

Table 4 
Parameters of Hosford Coulomb fracture locus for softened heat-affected zone 
[29].

Material a b c

CR1900T, SHAZ, Solids 1.95 1.0 0.08
CR1900T, SHAZ, Shells 1.518 0.555 0.034

εf (η, θ) = b⋅(1 + c)
1
nf ⋅

⎡

⎢
⎣

{
1
2
(
(f1 − f2)

a
+
(
f2 − f3

)a
+
(
f3 − f1

)a )
}1

a
+ c⋅

(
2η + f1 + f3

)

⎤

⎥
⎦

−
1
nf

(5) 
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For the GISSMO failure model, damage is nonlinearly incrementally 
accumulated according to Equation (15). The strain to failure εf was 
integrated in this keyword as a function according to Equation (5). For 
simplification purposes, the coupling of damage to stress was suppressed 
by setting the option DMGTYP = 0 for the GISSMO model in this study. 
Failure of an element is assumed when the value of D reaches 1. 
Although no coupling of damage to stress was used, it can be assumed 
that the presented regularization method can be adapted for damage 
models with stress coupling, as the regularization criterion is 
displacement-based. A change in damage model would change the 
magnitude of the regularization, but not the mesh-size dependence. The 
predicted values of maximum engineering strain are compared to the 
experimental mean values (Table 5). The relatively large deviations for 
ntR4 stand out (− 17.1% solids, − 11.5% shells). These deviations can 
likely be attributed to anisotropic behavior caused by the relatively thick 
AlSi-coating. Moreover, shell models are unable to accurately resolve 
large thickness strains, such as those occurring in the ntR4 specimen.

2.2.3. Regularization
The crack band approach is a regularization technique for finite 

element simulations that has been developed in the context of brittle 
materials such as concrete [7,9,33]. The underlying idea of the crack 
band approach can be described as follows. When the crack band is 
formed and the crack is modeled with a single row of elements, then the 
crack opening displacement will be equivalent to the displacement of 
that single element.

This idea was motivated by the equation used to calculate the frac
ture energy GF (Equation 16). It is calculated by the dissipated energy 
per unit volume gF times the volume described by the height of the crack 
band hb and the cross-sectional area A. Here GF is the dissipated energy 
in Joule, and Gf is the dissipated energy per cross-sectional area in 
J⋅mm− 2. 

GF = AhbgF (16) 

Gf =

∫ εf
pl

ε0
pl

lc⋅σy⋅dεpl =

∫ uf
pl

0
σy⋅dupl (17) 

This approach has been discussed previously by Hillerborg [20], who 
concluded that it is preferable to describe a failure criterion dependent 
on the displacement and not strain (Equation 17). The reasoning behind 
this is the same as why a fracture strain is always given with a 
gauge/reference length. If the height of the necking zone is fully 
enclosed in the reference length, the measured strain depends on the 
reference length. However, the plastic displacement does not depend on 
the reference length and remains constant. In [34], the principal strain 
direction is used to estimate the crack opening direction. Because the 
mesh is not necessarily oriented congruently with the localized zone, the 
projected length of the element is used. The projected length of the 
element in principal direction is then assumed to be the characteristic 
length of the element and is used to determine the regularization factor. 
This simplification applies to fracture occurring in KI-mode, where the 
crack opens in the direction of the crack band height. In [35] the outer 
corners of an element are used to measure the projected length. In order 
to deal with arbitrarily shaped elements, we propose to project the 
length of two diagonal corners of a quadrilateral element as shown in 

Fig. 4. As there are two diagonal corner pairs, we can use the average of 
the two projected lengths (Eq. 18). This improves the approximation of 
the characteristic length for certain element shapes. 

lc =
1
2
(
lc,13 + lc,24

)
(18) 

In this study, we discuss the crack band approach in the context of 
ductile materials and for cases in which failure is driven by shear 
deformation. When the deformation contains a simple shear component, 
the principal strain direction is not suitable for determining the crack 
band orientation. The crack opening direction must be separated into 
two components, one in the tensile direction and one in the shear di
rection. For a coaxial deformation, the crack opening direction is 
assumed to be identical to the principal strain direction. The crack 
opening direction is updated to follow the principal strain direction 
during deformation. For a fracture resulting from sliding mode KII, the 
displacement in Equation (17) needs to be replaced by the shear opening 
displacement. For ideal simple shear, the shear opening direction is 
assumed to be shifted 45◦ from the principal stress direction, where the 
direction of the shift is toward the direction of principal strain. For other 
non-coaxial deformations, determining the shear opening direction is 
not as straightforward and the shifting angle differs from 45◦ [23,24]. 
While using the principal strain direction to determine the crack opening 
direction for coaxial deformations is an established method [8,17], a 
definitive approach for non-coaxial deformations has not yet been 
established. The accuracy of decomposing the crack opening direction 
into a tensile and shear part was neither tested nor verified in the current 
study.

We introduce a new coordinate system that has its origin in the 
geometric center of the specimen and its axes are fixed to the localized 
band. The yCB-axis is along the height of the localized band, the xCB-axis 
is along the width of the band, and the zCB–axis is oriented along the 
sheet thickness (Fig. 5). For the considerations in this study, it is 

Table 5 
Comparison between experimental maximum engineering strain and prediction 
of finite element simulation.

ut ntR4 sh45 sh0

Exp. 0.1696 0.02776 0.05191 0.07450
Sim. (Solids) 0.1500 0.03252 0.04941 0.07005
Sim. (Shells) 0.15991 0.03095 0.05848 0.07469
Deviation (Solids) 11.6% -17.1% 4.8% 6.0%
Deviation (Shells) 5.7% -11.5% -12.7% -0.3%

Fig. 4. Calculation of characteristic length by projecting diagonal corner nodes 
onto crack band direction.

Fig. 5. Displacements at state i in coordinate system fixed and aligned with 
crack band.
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assumed that the direction of simple shear is aligned with the xCB-di
rection. The displacements separated in coaxial stretch and simple shear 
directions can then be calculated according to the equations in Fig. 5.

In Section 3.4, the results of the shell element simulations are 
compared with those of solid element simulations. To this end the field 
values in a block consisting of a large number of small solid elements are 
averaged to one single value. To obtain the averaged values for equiv
alent plastic strain εpl

eq, triaxiality η and Lode parameter ξ the following 
equation was used. 

ηavg =
∑n

i=0

vi⋅ηi

Vblock
(19) 

In Equation (19) variable n is the number of solid elements in the 
block, vi is the volume of a single solid element i and ηi is the triaxiality of 
this element. The sum of the single elements’ values is averaged over the 
volume of the full block Vblock.

The displacements of the corner nodes of the block are used to 
calculate the yCB-displacement of the full block. Describing an average 
value for the shear opening displacement b is not as straightforward, 
because the block deforms into an S-shape. Therefore, the average value 
bavg for the block was calculated for each row k of the block bk according 
to the equation in Fig. 5. The values were then multiplied by the height 
of each row hk and averaged over the full height of the block hblock. 
Variable m is the number of rows k in the block. The equation for 
calculating bavg is presented in Equation (20). 

bavg =
∑m

k=0

hk⋅bk

hblock
(20) 

3. Results & discussion

3.1. Aspect ratio of solid elements

In this section, we examine the effect of element aspect ratio on the 
calculation of damage and

focus on the notched tensile specimen. The specimen was modeled 
using solid elements. In the center of the specimen, where the formation 
of the localized band is expected, three variations of the discretization 
were tested (Fig. 6). The full model without symmetry conditions was 
used, which allows to place one element at the exact center of the model. 
One element was placed with its centroid exactly on the origin of the 
model.

The first variation uses perfect cubes. The edge length is 0.1 mm in 
each direction. This variation is referred to as “cube”. Two more varia
tions were used, which were deliberately chosen to have extreme aspect 
ratios for the discretization, with one side being five times as long as one 
other side. One variation uses elements of size 0.1 mm in width- 
direction, 0.1 mm in longitudinal-direction and 0.5 mm in thickness- 
direction. This variation will be referred to as “long”. Another varia
tion uses elements of size 0.5 mm in width-direction, 0.1 mm in 
longitudinal-direction and 0.5 mm in thickness-direction. This variation 
will be referred to as “flat”. The important criteria for these meshes is 
that the element size in longitudinal-direction, which is the expected 
direction of the localized band height and the direction of crack opening, 
is 0.1 mm for all three variations.

Such extreme aspect ratios are typically not recommended since 
damage criteria defined with respect to the plastic strain are known to be 
sensitive to the characteristic length of the elements. The characteristic 
length of a solid element is defined as the cubic root of the element 
volume in the standard literature and in most finite element solvers. For 
the three variations the characteristic length values are 0.1 mm (cube), 
0.171 mm (long) and 0.292 mm (flat). The elements referred to as long 
are almost twice as large as the reference model with cubic elements, 
and the elements referred to as flat are almost three times as large as the 
cubic elements.

Fig. 7 shows a cross-section of the deformed meshes and the distri
bution of plastic strain when the critical plastic strain is reached in the 
central element. This cross-section cuts the specimen in half along the y- 
axis (longitudinal axis). The view is directed at the center of the spec
imen in the yz-plane. The results show, that the curvature of the local
ized band can be properly represented with all three variations since the 
element edge length in longitudinal-direction is 0.1 mm for all three 
variations. This refinement along the localized band ensures a correct 
calculation of the curvature. Most deformation occurs for the elements 
in the center. The notched tensile test is meant to characterize the ma
terial for a plane strain deformation. However, the deformation does not 
achieve an exact plane strain condition, since the strain component in 
width-direction is close but not equal to zero.

Fig. 8 shows another cross-section of the deformed mesh. This time, 
the specimen is cut along the x-axis (width-axis) and the view is directed 
at the xz-plane. From this view, we can see that the specimen is slightly 
curved along the width-axis. The elements in the center (x = 0) shorten 
more in thickness-direction than the elements at the notches. At the 

Fig. 6. Finite element models of the notched tensile test meshed with solid 
elements of varying aspect ratios (cube, long, flat).

Fig. 7. Side view of necked area in notched tensile test meshed with solid el
ements of varying aspect ratios (cube, long, flat).
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outer edge of the notched region the elements keep almost a constant 
length in thickness-direction. For a plane strain deformation, the lengths 
change only in two directions, that is, the longitudinal- and width- 
directions in our case. Since we are also assuming an isochoric 

deformation, the remaining edge length in width-direction would need 
to remain constant. A closer look reveals that this is not the case.

According to standard literature, the damage criterion must be 
adjusted for the two variations which exhibit significantly larger char
acteristic lengths of the critical element. However, the results shown in 
Fig. 9 reveal that the damage criterion still adequately predicts the 
failure strain for the two variations “long” and “flat”. The predicted 
softening is almost identical for all three variations. There is some de
viation between experimental and simulated softening. This can likely 
be attributed to an anisotropic effect caused by the thick coating of the 
steel sheet. The differences in the predicted global failure strains are 
negligible. They are 0.033 for the cubic element and long element and 
0.035 for the flat element which is a deviation of only approximately 
6.1%.

For a plane strain condition, the local strain paths are proportional 
with a triaxiality, Lode parameter pair of (0.578, 0). Triaxiality values 
above 2/3 indicate a high hydrostatic stress. The resulting strain paths of 
the three variations show, that at the beginning the Lode parameter is 
0.5 and approaches zero at the end of the deformation. The underlying 
cause has been discussed previously. For a plane strain deformation with 
a Lode parameter of zero one edge length has to remain constant 
throughout the deformation, but the specimen slightly contracts in 
width-direction with the highest contraction in the central element.

The results show that the aspect ratio is not as relevant as standard 
literature suggests. The determining property is the element edge length 
in direction of the localized band. The challenges for using shell ele
ments are evident from the results. For shell elements we would typi
cally use elements that are larger than the height of the localized band. 
The curvature of the localized band will therefore not be reflected in the 
calculated result. This fact must be considered by empirical correction of 
the calculated plastic strain.

Fig. 10 illustrates another aspect of the material behavior in the 
necked region. At failure, the displacement is concentrated into the 
localized area. Elements outside of the localized band do not contribute 
to the global displacement. The central layer of elements which had an 
original section length of 0.1 mm has a displacement of about 0.08 mm, 
when the maximum global strain of the experiment is reached. When 
considering three layers at the center with an original section length of 
0.3 mm, the displacement is approximately 0.23 mm.

A section with an original section length of 2 mm has a displacement 
of 0.58 mm. At an original section length of 2 mm the slope of the curve 
shown in Fig. 10 flattens and a plateau forms. We take a slope of 5% as a 
criterion to determine the crack band height. A slope of 5% is reached 
for 2.09 mm. For convenience we take 2 mm to be the crack band 
height. If we consider larger sections the opening displacement does not 
increase significantly. This aspect of the material behavior is at the core 
of the crack band approach. Therefore, shell elements larger than the 
crack band height are used for regularization. The displacement can 
then have a constant value irrespective of the element edge length.

The results in this section revealed, that it is not strictly necessary to 
use elements with equal edge lengths to achieve a good mesh quality. 
The requirement for the mesh is rather that gradients are sufficiently 

Fig. 8. Top view of necked area in notched tensile test meshed with solid elements of varying aspect ratios (cube, long, flat).

Fig. 9. Global stress strain curve and local strain paths of center element for 
notched tensile test meshed with solid elements of varying aspect ratios (cube, 
long, flat).
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discretized. Therefore, any curvatures must have an appropriate mesh 
resolution. As a consequence, the aspect ratio has minor influence on the 
mesh sensitivity if curvatures are sufficiently discretized, and the char
acteristic length depends on the edge length of the element in the crack 
opening direction.

3.2. Aspect ratio of shell elements

In this section, the influence of aspect ratio and triaxiality on the 2D 
finite element analysis with shell elements is discussed. Each specimen 
was simulated by using three mesh variations. These variations vary in 
the size of the elements in the localized zone. One variation has square 
elements with an edge length of 0.5 mm. This is a rather small size when 
it comes to applications, which use shell meshes. Shell meshes are most 
commonly used in calculations which need to be optimized toward 
calculation time. The other two variations have rectangular elements 
with an aspect ratio of 1.5. One edge is of length 0.5 mm, like the square 
elements, the other edge has a length of 0.75 mm. The two variations 
differ in that they are oriented differently. When the longer side is ori
ented in longitudinal-direction, that is along the height of the localized 
band, the variation is referred to as “tall”. When the longer side is ori
ented in width-direction, the variation is referred to as “wide”. 

According to the common description of the characteristic element 
length, which is calculated by the square root of area, the center element 
of each variation has the following characteristic length: 0.5 mm for 
“square” variation and approximately 0.612 mm for the other two var
iations. The rectangular elements have a 22.5% larger element size than 
the square elements.

Fig. 11a shows the resulting global stress-strain curve and the dis
tribution of plastic strain at failure for the uniaxial tensile test. The 
square variation and the wide variation show almost identical results. 
The difference in softening behavior as well as the difference in global 
strain are negligible. In contrast the tall variation shows less softening 
behavior and failure is reached at a larger global strain. The distribution 
of plastic strain at the time of failure is similar for all three variations 

Fig. 10. Displacements along the height in crack opening direction at the 
center of the notched tensile test meshed with solid cubic elements.

Fig. 11. (a) Experimental and numerical results of uniaxial tensile test. (b) 
Effective plastic strain distribution at the center of the specimen at failure. 
Numerical results were obtained with shell elements with three different aspect 
ratios (square, tall, wide) in the central region.
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(Fig. 11b). The plastic strain is concentrated into one row of elements for 
each variation with a value greater than 0.45. The neighboring two rows 
of elements also exhibit high values of plastic strain with a value of over 
0.27.

A discretization of 0.5 mm in longitudinal-direction, i.e. the crack 
band height, seems to be sufficient to resolve the curvature of the 

localized band. Since the tall elements have a height of 0.75 mm instead 
of 0.5 mm the curvature along the height of the band is not sufficiently 
represented in this variation. The results of the solid element simulations 
in Section 3.1 showed that the curvature in this area is pronounced. 
Since this curvature is not adequately represented with shell elements, 
this leads to a different softening behavior.

The results of the notched tensile test are shown in Fig. 12 and are 
analogous to the results of the uniaxial tensile test. The softening 
behavior is the same for variations “square” and “wide” but under
estimated for the variation “tall”. For the global strain at failure, the 
“square” and “wide” variations give the same value. The local failure 

Fig. 12. (a) Experimental and numerical results of the notched tensile test. (b) 
Effective plastic strain distribution at the center of the specimen at failure. 
Numerical results were obtained with shell elements with three different aspect 
ratios (square, tall, wide) in the central region.

Fig. 13. (a) Experimental and numerical results of shear test with a 0◦ notch. 
(b) Effective plastic strain distribution at the center of the specimen at failure. 
Numerical results were obtained with shell elements with three different aspect 
ratios (square, tall, wide) in the central region.
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strain of the “tall” variation is reached at a higher global strain. It is 
noticeable that the elastic behavior is also different for the “tall” vari
ation. This might be caused by the geometry of the specimen, namely the 
notches that cause additional deformational effects that cannot be 
captured with the “tall” elements.

The results for the shear sh0 specimen are significantly different from 
those of the uniaxial and notched tensile tests and are shown in Fig. 13. 
In Section 3.1, it was established that the difference in softening 
behavior stems from the inadequate representation of the curvature of 
the localized zone. For this shear test 0◦, there is no curvature of the 
localized band, because the sheet thickness does not change. Conse
quently, there is no difference between the three variations in the soft
ening behavior. If the simple shear deformation occurred with a 
perfectly proportional loading path, there would be no change in 
thickness of the specimen. Moreover, the two edges in shear direction 
remain parallel and the height of the shear band remains constant. The 
two parallel edges slide in opposite directions, which is the only source 
of strain. However, the global failure strain differs for the tall variation. 
This result implies that the regularization in softening and regularization 
in failure strain need to be treated separately.

Fig. 14 shows the results for the shear test 45◦. The position of the 
two notches at an angle of 45◦ angle for the sh45 specimen produce a 
combination of coaxial stretch and simple shear loading. The softening is 
overestimated by the shell modeling in comparison to the experimental 
results. The results are similar to the uniaxial and notched tensile tests. 
The “square” and “wide” results are almost identical, while the “tall” 
variation differs in softening behavior and total global strain.

For all specimens, the “square” and “wide” variations showed no 
difference in softening behavior, although these variations differ 
significantly in the aspect ratio of mesh in the localized zone and in the 
characteristic length calculated by the square root of the element area. 
When the element edge length in crack opening direction was taller, the 
softening behavior differed for all specimens except for the shear test 0◦. 
In conclusion, the softening behavior is driven by a reduction in the 
thickness of the localized band. Since there is no thickness reduction 
when the loading is simple shear, the discretization in crack band 
opening direction is less important for this specimen. The global fracture 
strain was always in agreement for the “square” and “wide” variations 
and always differed for the “tall” variations for all four specimens. The 
fracture strain is driven by the crack opening displacement, which is 
along the height of the crack band for tensile opening and along the 
shear direction for a sliding motion of the crack band. For the shear test 
45◦, the crack opening direction must be separated into two compo
nents, since the deformation is a superposition of simple shear and co
axial stretch.

The specimens were designed to characterize proportional strain 
paths. In Fig. 15 the actual strain paths obtained, are plotted. The strain 
paths for the uniaxial tensile test (ut) and the strain paths for the notched 
tensile test (ntR4) show the greatest variation in triaxiality during 
loading. The shear test 45◦ (sh45) strain path runs almost proportional 
beyond an effective plastic strain of 0.2. The values for triaxiality closely 
match the theoretical values described in Section 2.1. In the simulation 
triaxiality is η = 0.258 and Lode is ξ = 0.93, which match the theoret
ical values up to the second decimal number. A proportional strain path 
during a superposition of uniaxial stretch (in the plane of non-zero 
stresses) and simple shear indicates that stretch/shear ratio of elonga
tion is constant. This is the ratio between the stretch perpendicular to the 
shear direction and the shear opening. The strain paths do not vary 
significantly with varying aspect ratio of the central element. The last 
point on each strain path is the point of failure, where the accumulated 
damage reaches a value of 1.

3.3. Optimized mesh for calibration

The results of the previous sections help to inform the optimization of 
the mesh discretization. Since for shell simulations the results are solver- 

specific, the results might not be generalizable to other shell formula
tions. But for the current study with the described shell settings (see 
Section 2.2.1) the findings are as follows. It was established that 
displacement is a better reference value for regularization than strain 
and that the regularization will be the same for any element size as long 
as it is larger than the crack band height, which is approximately 2 mm 
for the material in this study (Section 3.1). It was also established that 
elements do not need to be square and the aspect ratio is not important 
as long as the reference length is in crack band height direction (Section 

Fig. 14. (a) Experimental and numerical results of shear test with a 45◦ notch. 
(b) Effective plastic strain distribution at the center of the specimen at failure. 
Numerical results were obtained with shell elements with three different aspect 
ratios (square, tall, wide) in the central region.

L. Schuster and S. Münstermann                                                                                                                                                                                                            Materials Today Communications 57 (2026) 116533 

11 



3.2). It was also observed that softening is likely influenced by necking 
which is small for sh0 and highest for ntR4 (Section 3.2). The following 
section suggests how to use these results to optimize the mesh of the 
calibration test and discusses how the effective plastic strain at the 
center of the specimen evolves compared to 0.5 mm× 0.5 mm square 
elements.

The specimens have small geometric dimensions compared to the 
dimensions of the targeted application in automobile crash analysis. For 
this present study, it was unfeasible to use larger specimens, since the 
specimens were cut out from a strip that underwent Gleeble heat 
treatment. This procedure restricts the possible size of the specimens. 
Additional geometric demands need to be met to achieve proportional 
strain paths at specific strain rates. These demands lead to the small 
dimensions at hand. The width at the specimen center is only 5 mm for 
the uniaxial and the notched tensile tests and only 4 mm for the shear 
specimen sh0. Therefore, it is suggested to use elements of 2 mm length 
in crack band height and of 0.5 mm across the width of the specimen. 
The rather large aspect ratio of 4 is not expected to have any negative 
effects due to the previously discussed results.

The edges of the notches for the shear specimens are only 2 mm apart 
and the notch radius is 1 mm. Therefore, it is not possible to adequately 
discretize these specimens with 2 mm square elements to perform the 
calibration. A transition between the large center elements and smaller 
elements closer to the notches was created. In this way small elements 
are positioned along the radius at the notch which have almost square 
dimensions of 0.5 mm× 0.5 mm.

During deformation, small geometric shapes can form that were not 
present at the start of the deformation. An example is the necking which 
is a curvature in the thickness direction of the specimen. However, this 
effect can also occur along the edges of the specimen where the plastic 
strain of the localized zone meets the edge of the specimen. The mesh 
should be resolved in such a way that up to uniform elongation the 
stress-strain curve is closely followed to minimize this sort of effect. The 
goal is not to mix geometric effects into the regularization and that only 
softening and fracture strain are considered for regularization.

Fig. 16 shows the results of the uniaxial tensile test with large shell 
elements of size 0.5 mm× 2 mm in comparison to the results of a 
simulation with small square elements of 0.5 mm. The outer edge of the 
specimen deforms (Fig. 16b). As a result, the edge has a dent that cannot 
be reproduced with a discretization of 2 mm. Therefore, only the ele
ments in the center have a size of 0.5 mm× 2 mm and the element size is 
decreased towards the edge.

The simulation for the large shell elements is not regularized and the 
end point has no physical meaning and shows the last point of the 
simulation. For the large tall shell elements, the softening is not suffi
cient to capture the experimental behavior. The effective plastic strain 
distribution is shown at the value of maximum global strain of the 
experimental results. The highest values are concentrated at the center 
of the specimen and get small closer to the edges of the specimen. The 
simulation with small square elements reaches significantly higher 
values than the simulation with large tall shell elements.

Fig. 17 shows the results for the notched tensile test ntR4. For the 
discretization of the specimen with large tall shell elements an element 
size transition towards the edge of the specimen was modeled. When 
modeled with large elements along the entire width of the specimen, the 
resulting stress strain curve diverged from the simulation with small 
square elements for values close to the yield stress. When introducing 
the transition, the two shell models have almost matching stress-strain 
curves up until uniform elongation. Compared to the uniaxial tensile 
test the effective plastic strain distribution shows high values even at the 
edge of the specimen. Overall, the effective strain is more concentrated 
than for the uniaxial tensile test.

An element size transition towards the edge was also modeled for the 
shear test 45◦ (Fig. 18) and the shear test 0◦. The radius at the notch for 
these two specimens is only 1 mm, therefore a discretization with 2 mm 
tall elements would result in no curvature at the notch and distort the 
deformation behavior of the specimens. The softening behavior of the 
shear test 45◦ differs significantly from the small shell element simula
tion. For the shear test 0◦ the stress-strain curve closely follows the small 
square element simulation (Fig. 19). All of the simulations with large tall 

Fig. 15. Strain paths of the central element for four different specimens. Each specimen was discretized with shell elements with three different aspect ratios (square, 
tall, wide) in the central region.
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shell elements exhibit much smaller effective plastic strain values at the 
center of the specimen compared to the small square element 
simulations.

3.4. Small solid vs. large shell elements

In this section, the averaged values over a block of solid elements are 
compared to the values of a single shell element of the same dimension. 
For this purpose, the results of the finite analysis with small cube ele
ments of approximately 0.1 mm edge length were used. A block of 
height 2.0 mm and 0.5 mm width at the center of each specimen was 
extracted. In the third dimension, the block is equal to the thickness of 
the steel sheet. This block of elements represents a single tall shell 
element from Section 3.3 with the same dimensions and at the same 
location. Ideally, the averaged values from the block of solids would be 
equal to the values obtained with the single shell element. The averaged 
values for the block of solid elements were calculated as described in 
Section 2.2. The shell values were directly output from LS-Dyna.

First the finite element results obtained with the small solid elements 
for each specimen are shown. The plots show the effective plastic strain, 
Lode parameter ξ and triaxiality η for every single element in the 
extracted block. The results for the uniaxial tensile test are shown in 
Fig. 20, for the notched tensile test R4 the results are shown in Fig. 21. 
The results of the shear specimens are shown in Fig. 22 (sh0) and Fig. 23
(sh45).

An obvious characteristic of the blocks in both shear specimens is 
that they bent into an S-shape. The front view for the sh45 specimen 
shows that the width of the block along the S-shape remains relatively 
constant, whereas the width of the sh0 specimen is thinner in the middle 
of the block. The bent shape is a result of the superposed deformation of 
simple shear and coaxial stretch of the sh45 specimen. It is not possible 
for a single shell element with four nodes to represent this behavior. A 
shell element with identical dimensions is deformed into a parallelo
gram. The edges of the element remain parallel but the inner angles are 
no longer 90◦. The Lode parameter and triaxiality do not indicate any 
information regarding the simple shear component. The same stress 
state as that indicated in the shell element can equally be achieved by a 

Fig. 16. Experimental and numerical results of uniaxial tensile test. Numerical 
results have been obtained with modified mesh for calibration of large shell 
elements a) resulting stress-strain curve and b) distribution of effective plastic 
strain at maximum engineering strain.

Fig. 17. Experimental and numerical results of notched tensile test R4. Nu
merical results have been obtained with modified mesh for calibration of large 
shell elements a) resulting stress-strain curve and b) distribution of effective 
plastic strain at maximum engineering strain.
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coaxial deformation. However, an exclusively coaxial deformation 
would not result in an S-shaped deformation of the central region. 
Whether the averaged behavior of a block deformed by coaxial defor
mation would be close or identical to the averaged behavior of the block 
deformed by superposed deformation of simple shear and coaxial stretch 
remains unclear and cannot be answered with the results of this study.

All the plots show that the change of effective plastic strain in xCB- 
direction (crack band width-direction) is negligible but there is a 
gradient along the height of the block. This demonstrates that the width 
of the block and, therefore, the width of the shell element is of minor 
importance. The plots also show that the effective plastic strain is 
concentrated in the center and rapidly decreases closer to the upper and 
lower edges of the block. Except for the uniaxial tensile test, the distri
bution of effective plastic strain shows values close to zero at the upper 
and lower edge. All plastic deformation is concentrated within the crack 
band, which has a height of approximately 2 mm. The side view of the 
block elements shows that the notched tensile test R4 specimen exhibits 
the most necking, followed by the uniaxial tensile test. The top views of 
the shear specimens are distorted because of the bent shape and are not 
suitable for evaluating the amount of necking that occurs. Therefore, the 

displacement in thickness-direction of a single layer of elements at the 
center was extracted at the time of predicted failure. For sh0 the value 
was - 0.15 mm, for the sh45 it was - 0.24 mm. The sh0 specimen 
therefore exhibits the least necking. The values of Lode parameter and 
triaxiality also show that these values are distinct in the center and 
gradually change along the length of the block. These single element 
values in each block were averaged for plotting the strain paths. The 
shell elements predict a single value.

The strain paths of the shell elements and the solid elements of a 
block section are shown in Fig. 24. The shell and solid models use 
different Swift-Voce and Hosford-Coulomb parameters, therefore, the 
following strain path comparisons in Fig. 24 and Fig. 25 should be 
interpreted qualitatively. Since the shell simulation was not regularized 
the discrepancy is significant but the comparison indicates the re
quirements that need to be fulfilled by the regularization. The last point 
of the strain paths for the block indicates the first element failure. To 
give some orientation, the point, where the maximum engineering strain 
of the experimental data is reached, is indicated by a circle for the shell 
strain paths. The solid block strain paths are the target values for the 

Fig. 18. Experimental and numerical results of shear specimen 45◦. Numerical 
results have been obtained with modified mesh for calibration of large shell 
elements a) resulting stress-strain curve and b) distribution of effective plastic 
strain at maximum engineering strain.

Fig. 19. Experimental and numerical results of shear specimen 0◦. Numerical 
results have been obtained with modified mesh for calibration of large shell 
elements a) resulting stress-strain curve and b) distribution of effective plastic 
strain at maximum engineering strain.
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regularized shell elements. The closest match between solid block and 
shell element are the sh45 strain paths. The strain paths are almost 
proportional. For a superposed deformation of simple shear and coaxial 
stretch a proportional strain path can be achieved when the coaxial 
deformation is uniaxial in-plane, i.e. there is only stretch in yCB direction 
but no change in length in xCB-direction. Additionally, the ratio between 
the stretch in

yCB-direction and the shear opening b in xCB-direction needs to 
remain constant during deformation. The effective plastic strain does 
not increase as fast for the solids as it does for the shells. For the sh0 
specimen the strain path of the shell element is almost a perfect simple 
shear strain path. For the solid block the triaxiality is higher, indicating a 
superposition with coaxial stretch.

The strain paths for ut and ntR4 show the most significant mismatch 
between solid block and shell element. For the ut specimen, the strain 
path for the solid block has a relatively constant value of triaxiality 
around 0.33, whereas for the shell element the value drifts towards 
higher values of triaxiality. For the ntR4 specimen the triaxiality for the 
solid block is also lower than for the shell element, which reaches a value 
close to 0.577 toward the end, which, combined with the Lode param
eter of 0, indicates a plane strain stress state.

For the uniaxial tensile test and notched tensile test, the crack 
opening direction is along the height of the localized band, i.e. in yCB. 
direction. For the sh0 specimen the crack opening is in direction parallel 
to the localized band, i.e. in xCB-direction. For the shear specimen 45◦, 
the crack opening direction has two components. One component in 
direction of the crack band height (yCB-direction) and the second along 
the shear direction (xCB-direction). According to the crack band 
approach the crack opening displacement is preferred to the effective 
plastic strain as a reference value for regularization. The crack opening 
displacements versus stress state parameters are plotted in Fig. 25. The 
effective plastic strain at failure for ut is 0.35 and about 20% higher than 
for sh45, which has an effective plastic strain at failure of 0.29. The yCB- 
displacement at failure is almost four times as high for ut (0.88 mm) as 
for sh45 (0.23 mm). The yCB-displacment for the sh0 shell element is 
slightly negative, whereas it is positive for the solid block. The shear 
opening b for sh0 and sh45 are significantly higher than the yCB- 
displacement values at failure. At failure the shear opening b is higher 
for sh0 than for sh45. The values of shear opening b at failure for the 
block 1.32 mm for sh0 and 1.04 mm for sh45 and at the maximum en
gineering strain for the shell element the shear opening b is 1.26 mm for 
sh0 and for sh45 it is 1.04 mm. The values for the solid block and the 

Fig. 20. Distribution of effective plastic strain, Lode value and triaxiality over 
block of small solids for uniaxial tensile test.

Fig. 21. Distribution of effective plastic strain, Lode value and triaxiality for 
notched tensile test R4.
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shell element are almost identical, because the shear opening affects the 
overall behavior at the macroscopic scale more than the yCB-displace
ment. It is expected that this would still be the case for a regularized 
shell simulation.

Fig. 22. Distribution of effective plastic strain, Lode value and triaxiality for shear test 0◦.

Fig. 23. Distribution of effective plastic strain, Lode value and triaxiality for 
shear test 45◦.

Fig. 24. Comparison of simulation with solids and shells (non-regularized) 
showing averaged values for a block of small solids and values for a single large 
shell element.
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3.5. Example – spot welded specimen

In this section, aspects of the proposed framework are tested on a 
problem that can be encountered in industrial application. The problem 
is application-oriented. However, no experimental data is available and 
the following analysis is purely a numerical demonstration. By using 
literature data, realistic target values for the simulation were selected by 
using the reported experimental data for a specimen geometry as 
described in Fig. 26.

When calibrating the finite element model of a spot weld with a 
softened heat-affected zone, the true stress-strain curve must first be 
scaled down, because the ring of shell elements is often approximately 

Fig. 25. Comparison of simulation with solids and shells (non-regularized) 
showing averaged y-displacement values and shear opening b for a block of 
small solids and values for a single large shell element.

Fig. 26. Specimen geometry of a flat tensile test with a spot weld at the center.

Table 6 
Characteristic lengths of the critical element for different discretizations.

Standard calculation 
̅̅̅̅
A

√
, mm Projected length, mm

octagon 3.2 2.2
octagon, rotated 3.2 2.4
hexadecagon 2.2 2.3
hexadecagon, rotated 2.2 2.6

Fig. 27. Variations of mesh discretization for flat tensile test with spot weld.
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three times thicker than the actual thickness of the softened heat- 
affected zone in order to keep the calculation time low. The scaling of 
the true stress-strain curve also accounts for the gradient of material 
properties present in the softened heat-affected zone. The material 
gradient also requires a scaling of the fracture locus. Because of the steep 
gradient of material properties, the edge at the transition represents a 
metallurgical notch and is prone to fracture initiation.

For the type of specimen used in this example, a global displacement 
to fracture between 0.5 mm and 1 mm can be expected. An arbitrary 
target value in this range of 0.8 mm was chosen. The scaling of the true 
stress-strain curve is omitted for this example.

In Table 6 the characteristic lengths of the critical elements for the 
different discretizations shown in Fig. 27 are listed. For the standard 
calculation of the characteristic length the octagon variations have a 
45% larger characteristic length than the hexadecagon variations. To 
calculate the projected length, the length was calculated for the non- 
deformed mesh and the predicted crack opening direction was 
assumed to be the longitudinal direction for this example. The mean 
value of the two projected lengths of the diagonal corner nodes was 
calculated for this method (according to Fig. 4). The element shapes are 
equal for both octagon discretizations. However, the orientation of the 
element shapes is rotated between two discretizations. This results in 
two different sizes of characteristic length. The same is done for the 
hexadecagon discretizations. Due to the rotation, the characteristic 
length for the rotated octagon variation is 9% larger than that for the 
non-rotated octagon variation. For the variation hexadecagon rotated 
the characteristic length is 13% larger than that of its non-rotated 
counterpart. Overall, all characteristic lengths calculated from the pro
jected lengths have similar sizes compared to the characteristic lengths 
calculated by the square root of the element area.

In Fig. 28 the longitudinal displacements uy are plotted against the 
triaxiality for the critical element of each variation. The triaxiality 
during deformation remains constant for all variations and indicates a 
plane strain deformation with η = 1̅ ̅

3
√ ≈ 0.577. For simplicity the dam

age accumulation is not dependent on triaxiality and therefore when 
solving Equation (21), a damage value of D = 1 is reached when the 
displacement reaches the value of uf . For a target value of global 
displacement 0.8 mm, the longitudinal displacement at failure was set to 
uf = 0.3mm. 

D =

∫ u

0

1
uf

du (21) 

The resulting displacement-force curves of the specimen deformations 
are shown in Fig. 28. The simulation was performed without stress 
coupling of damage. As discussed in Section 3.1, not all discretization 

errors can be compensated for by regularization. When the curvature of a 
geometric detail is not adequately captured by the discretization, it is not 
possible to recover this information by using regularization. Therefore, all 
variations predict slightly different values for the maximum force. The 
two rotated variants show an almost identical curve. Due to the rotation, 
the horizontal edges are exactly perpendicular to the direction of pull (see 
Fig. 27). Furthermore, one element lies exactly on the plane of symmetry 
and the load is not divided between two elements.

This example demonstrates that the projected length is an adequate 
measure and leads to good agreement between different mesh dis
cretization, even when the critical elements have significantly different 
sizes of area.

4. Conclusion

This study investigated the regularization of plane stress shell sim
ulations of steel sheets using the crack band approach for different tri
axialities and large shells with arbitrary element shapes and aspect 
ratios. Lower to mid-range triaxialities were covered by experimental 
tests of four specimen geometries. The experimental tests were simu
lated using solid and shell elements of various sizes. A direct comparison 
of solid simulations with shell elements was conducted to gain insights 
into the targeted deformation inside the localized zone.

The different aspect ratios for the solid elements revealed that the 
aspect ratios do not negatively affect the predicted fracture and soft
ening behavior as long as the curvature of the localized zone is suffi
ciently resolved. This localized zone can be regarded as the crack band, 
which measured a height of approximately 2 mm.

For the shell simulations, square elements with an edge length of 
0.5 mm led to a satisfactory agreement between simulation and exper
iment. Extending the element size along the width of the crack band to 
0.75 mm did not negatively affect the results, and the crack band 
approach estimates the same characteristic length as for the square 
element, because only the projected length in the crack opening direc
tion is of interest. When the element size is extended in crack band 
height direction, the characteristic length according to the crack band 
approach increases, which suggests the requirement of regularization. 
Indeed, extending the element in height leads to different results for the 
softening behavior and predicted fracture strain. Only the shear test 
0◦ did not exhibit a change in softening when the element height was 
changed.

The simulations of solids and shells were directly compared by 
calculating averaged stress state values over a block of numerous solid 
elements representing a shell element of the same size and at the same 
position of the specimen. This comparison revealed that the lack of 
regularization requirement for the shear test 0◦ can most likely be 
attributed to the fact that no thickness reduction of the steel sheet occurs 
when this stress state is traversed. However, while the softening was not 
affected by the change in element size, the fracture strain was still 
affected, which leads to the assumption that the simple shear and coaxial 
stretch components need to be treated separately regarding 
regularization.

Both shear-dominated tests exhibited S-shaped bending of the 
localized zone within the block of solid elements. This effect is caused by 
the simple shear component. However, current frameworks for 
phenomenological damage models do not allow for the distinction be
tween coaxial deformations and deformations involving simple shear.

The results regarding element size and aspect ratio can be used to 
improve the calibration methods for large shell elements. The targeted 
element size for these simulations is often large compared to the 
geometrical details of the specimens. By strategically placing elements 
with the targeted element size in the specimen center and shrinking the 
element edge length in the crack band width, a transition toward smaller 
notches can be modeled without compromising the calibration results.

Some aspects resulting from the developed guidelines were tested 
using flat tensile tests with a spot weld, which exhibits a softened heat- 

Fig. 28. Global force-displacement curve of flat tensile test specimens with spot 
weld and evolution of longitudinal displacement vs. triaxiality for the critical 
element in each variation.
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affected zone. Although this test only covers one stress state, which does 
not have a simple shear component, it represents an actual problem 
found in the industry and suggests a possible refinement of existing 
regularization methods. In particular, the improved method of deter
mining the characteristic length using the diagonal corner nodes and 
calculating the mean value of the projected lengths leads to improve
ments for arbitrarily shaped elements.

It is important to note that all solvers use different shell formulations 
and provide additional options to deal with the calculations of shell 
thickness, sharp value differences between element edge boundaries, 
and other drawbacks of shell elements. Therefore, the results obtained 
from shell simulations are often less generalizable than those obtained 
from solid elements. Therefore, a direct comparison of solid and shell 
simulations, as demonstrated in this study, can help in the development 
of better shell models.

Future studies should focus on using the presented guidelines of 
regularization combined with coupling stress to damage to improve the 
softening behavior of large shell elements. In addition, dealing with the 
regularization of stress states containing simple shear requires further 
investigation.

The findings of this study provide helpful guidelines for addressing 
mesh sensitivity in terms of aspect ratio, element size, and stress state for 
the calibration of shell elements in finite element analysis and the 
development of regularization methods. The results can help improve 
the shell simulations of steel sheets, which are relevant for automotive 
crash modeling.
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Appendix

Fig. 29. Displacements of an element block in the center of the notched tensile test R4 with a section height of a) 0.1 mm, b) 0.5 mm, c) 1.0 mm, d) 2.0 mm
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Fig. 30. Displacements of an element block in the center of the uniaxial tensile test with a section height of a) 0.1 mm, b) 0.5 mm, c) 1.0 mm, d) 2.0 mm

Fig. 31. Displacements of an element block in the center of shear test 45◦ with a section height of a) 0.1 mm, b) 0.5 mm, c) 1.0 mm, d) 2.0 mm
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Fig. 32. Displacements of an element block in the center of the shear test 0◦ with a section height of a) 0.1 mm, b) 0.5 mm, c) 1.0 mm, d) 2.0 mm

Data availability

Data will be made available on request.
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[14] M. Kõrgesaar, J. Romanoff, Influence of mesh size, stress triaxiality and damage 
induced softening on ductile fracture of large-scale shell structures, Mar. Struct. 38 
(2014) 1–17, https://doi.org/10.1016/j.marstruc.2014.05.001.

[15] C.L. Walters, Framework for adjusting for both stress triaxiality and mesh size 
effect for failure of metals in shell structures, Int. J. Crashworthiness 19 (2014) 
1–12, https://doi.org/10.1080/13588265.2013.825366.

[16] L. Wei, F. Qin, K. Cui, Prediction the stainless steel sheet fracture with mesh size 
effect for shell elements, Int. J. Solids Struct. 210–211 (2021) 35–48, https://doi. 
org/10.1016/j.ijsolstr.2020.11.013.
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